D-A251 611
LT

FINAL TECHNICAL REPORT
CONTRACT (NOOO14-87-C -0146)
OFFICE OF NAVAL RESEARCH

VANDERBILT UNIVERSITY FREE-ELECTRON LASER CENTER

FOR BIOMEDICAL AND MATERTALS RESEARCH

! This document has been approve
for public releusz and sale, its
i disiribution is uritmited.

e i ot

SUBMITTED BY:
A A BRAU &~ _

PRINCIPAL INVESTIGATOR

92,5 19 101

DTIC

ELECTE B
MAY 2 6 139¢ .

92-13422
LT




P— T T

DISCLAINER NOTICE

= ¥
A\

\‘ Og‘t“sﬁ

e

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.




FORWARD

During the period 2, 1:87 1o 1. 3191, Vanderbilt University. under Convuct NOOO14-
87-C-0146 with the Oftice of Naval Research, developed a Free-Electron Laser Center, and
carried out a program of research in medicipe, biology. and materials science. The

accomplishments of this effort are described in the final report.
The program may be divided into six projects, as follows:

ion an ration under the direction of C. A.
Brau, Department of Physics, College of Arts and Science. The objective of this effort has
been to commission the free-electron laser and the optical beamline required to distribute the
laser beam to the laboratories. Although the company supplying the free-electron laser
ceased operations before the laser was completed, the installation and commissioning was
completed by Vanderbilt personnel.

hanisms of Photon-In Dam in ical Materials. The effort
may be further subdivided into three efforts:

A. Desorption of Atoms and Molecules from Surfaces, under the direction of N. H.

Tolk, Department of Physics, College of Arts and Science,

B. Nonlinear Effects of Lasers, under the direction of R. F. Haglund, Department of
Physics, College of Arts and Science.

C. Interaction of Lasers with Defects in Optical Materials, under the direction of R.

A. Weeks, Department of Materials Science and Engineering, School of Engineering.

ITI. Picosecond Spectroscopy of Biopolymers. Under the direction of G. S.

Edwards, Department of Physics, College of Arts and Science, the objective of this
research has been to examine the vibrational and electronic spectroscopy of important
biopolymers, including DNA and RNA.

IV. Nonthermal and Selective Effects of Free-Electron Laser Irradiation of
Tissue. Under the direction of R. H. Ossoff, Department of Otolaryngology, School of
Medicine, the objective of this research has been to examine the effects of lasers on tissue,
including the effect on wound healing.




V._Free-Electron I.acser Based Studies of Biomembrane Dynamics and Drue
Interactions. Under the direction of S. Fleischer. Department of Molecular Biology.
College of Arts and Science. the objective of this rescurch has been to understand the

dynamics of membrane protems. and how they are related 10 membrane function.

. . ‘ Under the direction of
R. J. Maciunas, Department of Neurosurgery, School of Medicine, the objective of this
effort has been to study the interaciton of pulsed lasers with brain tissue, and to develop the
techniques of sterotactic laser neurosurgery.

The close collaboration of researchers from so many Schools and Departments of the
University has been a major factor in the success of the program, and will continue to be so
as the program continues and expands to embrace researchers from around the world.
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Special Report

Near-Monochromatic X-ray Beams Produced by the
Free Electron Laser and Compton Backscatter

FRANK E. CARROLL, MD,* JAMES W. WATERS, PhD,t RON R. PRICE, PhD,*
CHARLES A. BRAU, PhD,t CARLTON F. ROOS, MD,* NORMAN H. TOLK, PhD,?t

Carroll FE, Waters JW, Price RR, Brau CA, Roos CF, Tolk
NH, Pickens DR, Stephens WH. Near-monochromatic x-ray
beams produced by the free electron laser and Compton
backscatter. Invest Radiol 1990;25:465-471.

The intense photon output of a free eleciron laser may be made
to collide with its own high energy electron beam to create
nearly monochromatic x-rays using Compton backscatter
techniques. These x-rays can be used for imaging and non-
imaging diagnostic and therapeutic experiments. The initial
configuration of the Vanderbilt Medical Free Electron Laser
(Sierra Laser Systems, Sunnyvale, CA) produces intense x-rays
up to 17.9 keV, although higher energies are easily attainiable
through the use of frequency doubling methods, alteration of
the energy of the electron beam and coupling to conventional
laser inputs.

Key words: lasers; monochromatic x-rays; electron beams; free
electron laser; Compton backscatter.

HE CREATION OF A powerful, tuneable, near-

monochromatic source of “hard” x-rays would herald
a new and exceptionally diverse generation of diagnostic
medical imaging modalities, as well as opening the door
to new therapeutic methods.
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In diagnostic radiology, higher keV radiation is
associated with the production of unusable, and
objectionable scattered radiation; photons of lower keV
energy may add little to the diagnostic information
obtained, but contribute heavily to the radiation dose to
the patient. If it were possible to select radiation of optimal
energy for the job at hand, while eliminating those x-
rays of higher and lower frequency, radiologists and other
scientists could significantly enhance their ability to
perform very high contrast/ low dose imaging, accomplish
in vivo trace element analysis, and achieve 3-D x-ray
holographic imaging.

In 1986, Vanderbilt University was selected through
a competitive grant process as the first dedicated Medical
Free Electron Laser Facility to be funded by Congress
through the Strategic Defense Initiative Organization. The
principal investigators awarded this grant were a
multidisciplinary investigative team comprised of
physicians, physicists, biophysicists, molecular biologists,
and engineers who work in very close collaboration on
all facets of a unified inquiry into non-linear effects of
radiation produced by this powerful, tuneable, and
extremely fast laser.

The Free Electron Laser

The Free Electron Laser (FEL) uses a beam of
relativistic electrons to amplify short wavelength radiation
by stimulated emission. Electrons not bound to atoms
(hence “free™) are accelerated by one of any number of
devices, such as a linear accelerator or Van de Graff
generator, to multimillion electron volt energies, and are
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Fig. 1. The Free Electron Laser is a unique device among
present fasers in that it is tuneable across the electromagnetic
spectrum, extremely fast, and is extraordinarily powerful
delivering gigawatts of power in pico or femtoseconds. Insert A
shows the wiggler cavity of the FEL positioned to the right of
and distal to the electron gun and linear accelerator. Insert B
depicts the interaction zone of the Compton backscatter device.
The x-ray photons are delivered to the imaging facility on the
second floor of the Vanderbilt MFEL building.

then passed through an apparatus containing magnets of
alternating north-south polarity (a wiggler). The electron
trajectory describes an undulating or wiggling path
through this device, interacting with the magnetic field
to give off characteristic radiation, which is a function
of the energy of the beam, the strength of the magnetic
field and the periodicity of the magnets. The photons
produced within the wiggler are reflected repeatedly by
mirrors at the ends of the cavity and interact with the
electron beam, amplifying the photon output (Fig. I).!
The FEL delivers an extremely high output in picosecond
bursts that is tuneable across the infrared, visible and
ultraviolet spectrum.

X-Ray Production by Compton Backscatter

In 1975, Piestrup et al® showed that the momentum
of a free electron beam may be modulated by interaction
with laser light. To obtain significant energy exchange
between an electron beam and light, it is necessary for
the clectrons to remain in an electric field of constant
phase. This will occur in a medium that provides the
proper refractive index, that maintains the phase velocity
of the light’s electromagnetic wave with electron velocity
along the direction of motion of the electron. In a similar
fashion, an electron beam may perform significant work
on light photons. For some time now, high energy

For a more comprehensive discussion of the physics of FELs, the
reader is referred to more complete texts.?
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Fig. 2. Compton Backscatter yields a short wavelength x-ray
photon for each collision/interaction between a near relativistic
electron and a long wavelength light or infrared photon.

physicists have been creating gamma rays in the MeV
to GeV range using the Compton backscatter (CB)
phenomenon. Their technique involves the head-on
collision of an intense beam of laser light with a high
energy electron beam (Fig. 2). The incoming electron
“collides” with an incoming photon, thereby losing energy,
but at the same time imparting that energy to the incoming
photon, scattering it backward at a higher energy.

More recently (in a patent filed in July of 1986), Luccio
and Brill* outlined a method and apparatus for producing
x-rays which takes advantage of their first recognition
that “photons of much lower energy than those ordinarily
produced in nuclear physics research can be generated
using the Compton backscatter effect by carefully
controlling the energy level of the incoming electrons.”
Proposing a Microtron I electron source and a racetrack
electron storage ring coupled to various “off the shelf”
lasers, they provide a scheme that could potentially
generate highly directional, tuneable, narrow bandwidth,
polarized x-rays, which could conceivably cover a range
of energies from 0.5 keV to 250 keV.

Coupling the FEL and Compton Backscatter

The electron beam of the FEL (Sierra Laser Systems,
Sunnyvale, CA) is normally “discarded” in a beam dump
after its exit from the wiggler cavity. We propose to use
the residual electron beam (e-beam) from the FEL and
make it collide with the FEL’s own photon output to
create tuneable, near monochromatic x-rays by Compton
backscatter.

The configuration of the Medical Free Electron Laser/
Compton Backscatter Device (FEL/CBD) presently
under construction is seen in Figure 1. Once the electron
beam has exited the FEL, the beam will be transported
using bending and focusing magnets and evacuated beam
lines to an interaction zone whose axis is aligned with
a 12-in PVC x-ray beam pipe which penetrates the MFEL
building structure from the downstairs shielded FEL vault
to a “shirtsleeve™ environment target room situated on
the upper floor of the facility.

The light output of the FEL will be diverted by mirrors
to the same interaction zone where it will collide “head-
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Fig. 3. Depicts the surface representing the distribution of x-
ray energies and angles measured from the central electron beam
direction. The figure was generated by the Monte Carlo program
and resemblies a mountain ridge, whose height is proportional
to the probability of producing an x-ray with a given energy at
a certain angle. The width of the ridge depends on the energy
dispersion and angular divergence of the electron beam. The peak
of the ridge is close to the maximum possibie x-ray energy, 18
keV, and the axis of the electron beam. The quantity Ey refers
to the actual energy of an x-ray, while {. refers to the angle
measured from the central ray of the electron beam. Each
rectangle on the plot represents an interval .5 keV by .25 mradian.

on” with the electron beam. It is here that the Compton
backscatter occurs, allowing the creation of a cone of
near monochromatic x-rays that wili then be transported
via the PVC x-ray beam pipe to the second floor target
room. This beam exhibits a rather narrow scattering angle
that does not exceed .01 radians.

Prior to its reaching the PVC beam pipe and after
having interacted with the laser beam, the electron beam
is again rotated and transported back to its original axis
for disposal in the beam dump.

Photon Energy, Flux, and Distribution

In the case of photon scattering through 180° by a
moving electron, the photon energy is increased by a factor
4~2, where v is the ratio of the electron’s energy to its
mass. In the present MFEL design, the electron energy
is 43 MeV and the photon wavelength is 2u, giving a
maximum CB x-ray energy of 17.9 keV. The dependence
of the laboratory energy on the angle and number of
the backward scattered photons as measured from the
electron is shown in Figures 3 and 4. A non-zero angle
of incidence between the photon and electron beams has
little effect on photon flux. There is very minimal
displacement of the output curve when the incidence is
= 15°. This allows the interaction zone to be tilted
somewhat so that the x-ray beam may exit the FEL/
CBD without having to pass through the mirrors that
focus the light beam at the electron beam. Lower keV
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Fig. 4. This shows the surface representing the average x-ray
energies at points in an arbitrary plane transverse to the central
beam. The quantity < Ey > is the average energy of all x-rays
passing near a chosen point. In this calculation, Ev is a function
of the angle from the electron, so the scale of the figure is
unimportant.

photons would be extensively attenuated if they needed
to penetrate the interaction zone end mirrors while exiting
the device.

The theoretical problem of photon-electron scattering
has long been solved, the results being the Klein-Nishina
formulas for the intensity and polarization of the scattered
photons. In the energy regime of the MFEL, these
formulas reduce to the classical ones of Thomson, in which
the intensity is proportional to (1+ cos?®,), where O, is
the scattering angle in the electron rest frame.

In practice, it is necessary to accept electrons in a cone
of half-angle 8. equal to a few milliradians, measured
from the axis of the electron beam, because the probability
for scattering into any range of angle is given by integrating
the intensity over an element of solid angle which vanishes
at O, = 0° or 180°. Furthermore, because the beam has
finite emittance (ie, the volume it occupies in phase space
is not zero), all the electrons cannot be parallel, so at
any fixed laboratory angle the observer seces photons
scattered through a spectrum of angles from the directions
of the electrons measured from the axis. The result is
a spectrum of x-ray energies in the cone. Nearly
monochromatic x-ray fluxes may be obtained by the
selection of a portion of the cone for use (with the highest
energy x-rays nearest the center of the cone) (Fig. 5).

The distributions of energies and angles in the
laboratory system have been calculated by a Monte Carlo
program. In the case of negligible beam emittance, the
distributions in the proposed MFEL system are shown
in Figure 6. In the Monte Carlo program, points in the
electron phase space corresponding to positions and angles
are generated uniformly over an ellipse with area E. In
each slice of x-ray laboratory angle, the spectrum of x-
ray energies can be calculated. In Table I, the mean and
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Fig. 5. An observer looking retrogradely into the x-ray beam
would see concentric rings of near-monochromatic radiation as
depicted in this energy plot. The irregularity of the rings is merely
a reflection of the number of points plotted after Monte Carlo
calculations.

rms of the x-ray energy at each laboratory angle are
displayed for various choices of the electron beam radius.
In fact, the energy distributions are not symmetric, being
skewed toward the high end at small angles. For each
beam waist the angle 6. (. for which 80% of the x-
rays are above 15 keV has been calculated. For a waist
of 20u this angle is 5 milliradians. The entire x-ray energy
spectrum, with beam energy resolution folded in, is shown
in Figure 7. The spectrum of x-rays in the 5 milliradian
cone is shown in the dashed histogram. The angular
distribution is shown in Table I and Figure 8. The table
shows the elements of the rate calculation for three possible
beam waists, with the angular cut made to keep 80%
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Fig. 6. X-ray energy and angular distributions obtained with
an ideal electron beam and ideal photon beam.
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TABLE 1. Rates in Cones with 80% of X-rays Above 15 keV*
(These figures refer to a “one-pass” system wherein
electrons “see” light photons only once.)

fy 15u 20u 50u
6. max 4 mrad 5 mrad 6 mrad
L (m=2s-1) 50X 1037 28X 10%¥ 46X 10%

X102 11 X102 1.7 X102
3.4 X108 3.1 X108 7.7 X107

ac (6.<8. max) {(m?)
Rate (photons/sec)

“where:
1, is the radius of the beam
#. max is the maximum acceptance angle
L is the luminosity
o, represents the interaction cross-section
Rate refers to the x-ray photon production

of the x-rays above 15 keV, and the electron bunches
colliding only once with the light photons.

Rate Calculations

Photon flux expressed as photons per second with
angles less than 6, is obtained from the product of incident
intensity and a quantity called the cross section. The cross
section o, is found by integrating the Compton scattering
intensity divided by the incident intensity over the range
of angle O, in the electron rest system corresponding to
.. In a colliding beam geometry the incident intensity
is given by the luminosity, L, defined as

L=N,XNyXf+A
where
N. is the number of electrons per bunch,
N+ is the number of photons per bunch,
f is the frequency of intersection of the two bunches,
and
A is the common area of the two bunches.
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Fig. 7. X-ray energy and angular distributions obtained with
the electron beam and photon beams coming from the Vanderbilt
FEL.
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Fig. 8. The spread of x-ray energies delivered at various angles
from the center of the electron beam. The various plots show
the effect of changing the radius of the electron beam.

In the MFEL, the beam consists of micropulses of a
few picoseconds duration at intervals of 350 picoseconds,
spread over several microseconds (Fig. 9). Tentative
parameters are a current of 20 A over 5 picoseconds,
and a macropulse of 10 microseconds. Then N, = 6.25
X 10# electrons per micropulse. In a single pass system
in which each micropulse of photons sees each micropulse
of electrons once, the product Nvyf is the number of
photons persecond. For a beam of 6W and 2u this product
is Nyf = 6 X 10" photons per second (since there are
1.7 X 106 micropulses per second and 3.5 X 10!3 photons
per micropulse).

The area depends on how tightly the beams are focused.
The product of the radius of the beam times the angular
divergence is equal to the normalized emittance vy,. The
MFEL mvy, is approximately 7 # mm-mrad. As the area
of the electron beam shrinks, the increasing divergence
of the electrons results in a broader spectrum of x-ray
energies at a given laboratory angle. By making the area
of the beam small, one increases the rate, but the
monochromaticity of the beam will be reduced. The effect
of the beam divergence must be kept comparable to those
of other uncertainties, such as the spread of beam energy,
which is about 1%.

Higher Energy Photons from Backscatter

Although the original configuration of the FEL/CBD
will yield x-ray photons at 17.9 keV, more energetic
photons may be easily produced by any one or more
of several methods.

Increasing the energy of the electron beam not only
produces shorter wavelength radiation, but has the added
benefits of creating a higher flux (more photons per
second) that scatters at a smaller angle and is more
monochromatic (narrower bandwidth). For example, an
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Micropulse each 350 picoseconds apart
{a few picoseconds long)

Fig. 9. The pulse structure of the FEL is programmable with
the maximal repetition rate for macropulses at 60 Hz. Micropulses
of a few picoseconds in length may be bunched together to form
whatever macropulse one desires.

electron beam of 55 MeV produces light output from
the FEL at 1.25 u. This combination of electron/photon
interaction in the FEL/CBD will produce x-ray photons
at 49 keV.

FELS may be operated at harmonics of the primary
frequency but with a lower power output. This photon
output may be used to generate higher keV x-rays with
the FEL/CBD; or the primary frequency of the FEL can
be doubled by passing its output through frequency
doubling crystals after the light has left the FEL (both
situations would reduce x-ray photon flux significantly).

High average power, ultrafast conventional lasers may
also be used with the FEL/CBD both boosting photon
flux and creating more energetic x-rays, given that the
electron beam energy may remain fixed. One to two orders
of magnitude increase in photon flux may also be achieved
by causing multiple interactions between each electron
pulse and each light pulse. Several methods of achieving
this have been proposed. By including the lasing medium
1in one limb of a ring amplifier, and placing the interaction
zone in one of the other limbs, a significant increase in
light photon flux is created, such that the electron pulses
“see™ a much more intense light beam (Fig. 10).

Initial Use of the FEL/CBD

When radiation interacts with matter in the lower keV
energy range, photoelectric effects can be used to great
advantage to reduce scattered radiation, enhance natural
tissue contrast, and establish the elemental composition
of the tissue irradiated. As radiation energy increases, the
amount of the x-ray beam that is absorbed continues
to decrzase until the energy of the photons slightly exceeds
the binding energy of the inner K-shell electron. At that
point, there is an abrupt increase in the absorption of
the radiation beam called the “K-edge”, something which
is particularly pronounced in high atomic number
absorbers.
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Fig. 10. Including the lasing medium in the ring cavity that
containg the interaction zone markedly increases the photon flux
“seen” by the electron beam thereby significantly boosting the
x-ray flux exiting the interaction zone.

Among the atomic species most important in biological
substances, hydrogen, carbon, nitrogen, oxygen, sodium,
sulphur, chlorine, potassium, calcium and iron have
discrete k-edges which are in the low keV energy range.
Other substances such as copper, iodine, and barium have
K-edges which are below 40 keV (Table 2). For maximal
x-ray absorption, the energy of the x-ray beam should
be as closely matched to the K-edge of the absorber as
is possible.

There are a number of potential diagnostic uses for
near-monochromatic x-radiation, among them the
detection of breast cancer. At the present time, an accurate,
noninvasive method for establishing the histologic
characteristics of suspected malignancies within the breast
is not available. Surgical excision cf suspected lesions with
microscopic examination of the excised tissue remains
the only option when a suspected lesion is present. Surgical
removal carries with it morbidity and often anguish for
the woman involved. The cost in financial, social, and
psychological terms for each “curable” cancer found
dictates that the search for a more sensitive and specific
screening tool than present-day mammography or
diaphanography must be undertaken.

By illuminating the breast or any other tissue with
discrete monochromatic beams of x-ray with keV energies
between 0 and 40, one might take advantage of the
photoelectric effect and the K-edges of the above
mentioned “physiologic” atoms to perform elemental
analysis of suspect biologic tissues. Utilization of multiple
narrow lines of monochromatic radiation at various keV's
in that range will allow elemental analysis and subtraction
imaging in soft tissues. Our ultimate objective is to create
a screening tool using the FEL: CBD, to simultaneously
discover and histologically characterize intramammary
lesions using near-monochromatic x-ray beams. This

technique will eventually be extended to other organ
systems throughout the body.

Many factors are known concerning breast tumors
which lend credence to our expectation that near-
monochromatic x-ray beam elemental analysis and
imaging stand an excellent chance for success. To some
extent, it has already been shown by Johns et al’ that
at 40 keV and below, there is a statistically significant
difference in the attenuation coefficients for neoplastic
and normal tissues in the breast. This difference becomes
even more statistically significant below 30 keV.

There are also decided differences in the molecvlar and
cellular composition of neoplastic tissues that discriminate
them from normal tissues such as: polyploidy and
differential DNA/RNA content than quiescent cell
populations, neovascularization with higher blood flow,
higher hyaluronidase activity than normal interstitial fluid,
elevation in the water content of the interstitial spaces,
higher hematocrit in the blood passing through tumors
due to greater fluid leakage from the vessels, increased
calcium content in the regions surrounding tumors
(associated in some measure with the calcifications visible
with plain film mammography), and a discrete variability
in the diffusion gradients for nutrients and metabolic
products in tumorous tissues, as well as necrosis within
them. With such significant alterations in the regional
biochemistry, cellular architecture, and elemental content,
the absorption and transmission of multiple discrete
monochromatic beams might be significantly altered
relative to normal tissue.

The initial use of this device is centered on excised
tissue samples, followed by tests on nude mice with human
mammary carcinomas implanted in their soft tissues. First
proofs are to be followed by application of this high
contrast; low dose imaging modality to detection, analysis
and treatment of breast lesions in humans.

Radiation Dose Considerations

The advantage of low-energy x-rays for producing
images with high soft-tissue contrast has been recognized

TABLE 2. Some K-Edges of Imponance

Eiement K-Edge (keV)
Potassium 36
Calcium 40
Iron 71
Copper 9.0
Zinc 97
Gallium 10.0
Bromine 135
Technetium 210
Sitver 255
lodine 332
Xenon 345
Barium 37.4
g
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for some time. This is due primarily to dominance of
the photoelectric interaction, where the x-ray energy is
absorbed without the creation of significant scattered
radiation. This is in contradistinction to the Compton
interaction which dominates at energies above 25 keV,
and causes a reduction in contrast on the order of 3 to
6 times due to scatter.

Estimates have been made of the doses that might result
from the use of narrow-beam low-energy monoenergetic
beams relative to doses received from conventional film/
screen x-ray mammography. Conventional systems deliver
a dose of 0.06 rad with a skin entrance exposure of 0.370
R. In the manner previously described by Johns and Yaffe,
entrance exposures were calculated for simulated breast
tissue, 4.0 cm thick, in which a 0.3 c¢m lesion had been
placed. The calculations assumed complete scatter
rejection, unit detector efficiency, breast composition of
50¢¢ adipose and 50¢7 glandular tissue and a linear
attenuation coefficient of the lesion which is 5% greater
than the surrounding breast tissues. An optimized system
tor breast imaging using monochromatic radiation such
as that described here may reduce entrance exposure to
the breast by a factor of 9 to 46 times.

As the energy of the x-ray beam produced increases,
the techniques described here will be extended to other

areas of the body. keV's of 40-50 should be relatively
easy to obtain and will be energetic enough to image
any portion of the body with similar results.
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Special Article

Generation of “Soft X-Rays”’ by Using
the Free Electron Laser as a Proposed
Means of Diagnosing and Treating
Breast Cancer

Frank E. Carroll, MD

Department of Radiology and Radiological Sciences, Vanderbilt University Medical
Center, Nashville, Tennessee 37232-2675

The diagnosis and treatment of breast lesions may be markedly
enhanced by the use of a unique new source of near-monochro-
matic x-rays.

Concentric beams of near-monochromatic x-ray photons may
be generated by collision of the free electron laser (FEL) electron
beam with the optical beam in an interaction zone that delivers
the x-rays to a shirtsleeve environment.

The absence of Compton scatter and the photoelectric interac-
tion within tissues improves conspicuity of lesions by two to six
times. Increased attenuation of x-rays in malignant vs. normal
tissues makes tumors more obvious. K-edge subtraction allows
chemical analysis of tumors in vivo—all at radiation doses that
are one-tenth to one-fiftieth that delivered by the lowest-dose
mammographic x-ray technique available. This allows for an in-
creased sensitivity and specificity and permits prediction of his-
tology, negating necessity for biopsies.

Selective bond-breaking at depth in tissues as well as x-ray-
activated photodynamic therapy are also being explored.

Key words: Compton backscatter, monochromatic x-rays, breast lesions

INTRODUCTION could significantly improve the sensitivity and

specificity of our diagnostic imaging (Fig. 2).
Since Roentgen’s initial use of x-rays in At the Vanderbilt Medical Free Electron La-

1895, our accuracy in diagnostic radiology has ser (FEL) Facility, current research is being di-

been hampered somewhat by the wide spectrum rected toward the earlier diagnosis and treatment

of radiation emitted by x-ray tubes (Fig. 1). Ex-

tremely soft x-rays do not penetrate the skin or

other tissues sufficiently to yield detectable infor-

mation on film or with other imaging devices.

(These x-rays only increase the undesirable radi-

ation dose to the patient.) On the other end of the
spectrum produced by x-ray tubes, scattered radi-
ation becomes problematic due to off-axis scatter-
ing within the part imaged, creating fog (noise) in
the imaging chain, which reduces visibility of
structures within the tissues. If we were able to
produce x-rays at or near the frequency best
suited to the particular imaging task at hand, we
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STANDARD X-RAY TUBE SPECTRUM
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Fig. 1. Standard x-ray tubes emit radiation with a distribu-
tion such as that shown. A: At the upper end of the spectrum,
Compton scattering contributes significantly to noise by fog-
ging the x-ray film, obscuring detail. B: At the low end of the
energy range, the x-rays are so “soft” that they do not pene-
trate the part being imaged; thus, no image is formed. These

of breast cancer without the need for surgical pro
cedures such as biopsy or lumpectomy, through
the use of near-monochromatic x-ray beams. This
new type of radiation beam has the desirable
qualit: : of tunability, high flux rates for imag-
ing, and a pulse structure that mimics that of the
FFL.

MATERIALS AND METHODS
The Free Electron Laser

Passage of a near-relativistic electron beam
over a magnetic field of alternating north-south
polarity stimulates emission of characteristic ra-
diation, which, when bounced between optical
cavity end mirrors, interacts with the electron
beam in such a way that the light emitted is sig-
nificantly amplified. The variable pulse structure
of the FEL allows emission of exceedingly power-
ful laser pulses in the picosecond timeframe. Al-
teration of the periodicity of the magnets, modifi-
cation of the strength of the magnetic field, or
change in the energy of the electron beam permits
one to tune the FEL to innumerable frequencies
throughout the electromagnetic spectrum. The

“soft” x-rays impart a marked increase in radiation dose to
the patient. C: X-rays from the useful region of the spectrum
partially interact with the soft tissues and are absorbed,
while the remainder of the beam passes on to the film without
any scatter.

FEL/CBD (tunable)

Near Monochromatic X-ray Beam

Fig. 2. By tuning the FEL Compton backscatter device to the
useful energy range and specifically to the desired narrow
frequency, one is better able to image, chemically probe, and
treat lesions deep within tissues.

reader is referred to a more comprehensive text
for further elucidation of the physics involved in
FEL photon production |1].
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Fig. 3. Head-on collision of an electron beam traveling close
to the speed of light with an infrared or light laser photon
creates x-ray photons scattered backward along the direction
the electrons were traveling. (The angle is exaggerated here
for clarity.) Some of the electron’s energy is lost to the photon.
(From: Carroll FE, Waters JW, Price RR, Brau CA, Roos CF,

Compton Backscatter Device

Head-on collision of the electron beam nor-
mally discarded from the FEL with the intense
photon output of the FEL in a specially designed
interaction zone |2] produces a near-monochro-
matic beam of x-rays by a phenomenon long known
to high-energy physicists as Compton backscatter
(Fig. 3). These near-monochromatic x-rays can be
shunted to an imaging laboratory on the floor
above the FEL vault at Vanderbilt’s facility [3].

Infrared or light photons of different fre-
quencies may be used for these collisions with the
electron beam, which itself may be varied by in-
creasing its energy. This allows one to select the
most useful frequency for the tissue or part to be
studied. The initial configuration of the f'EL at
Vanderbilt (Fig. 4) will allow the production of
17.9 keV x-rays in a tightly coned beam that di-
verges very little. The energy spread of the elec-
tron beam and the phase differences between the
electrons in the beam create concentric circles cf
near-monochromatic x-rays about the most ener-
getic and intense central beam. An observer gaz-
ing directly into the center of the x-ray beam
would see concentric circles of different energy
(Fig. 5.

DISCUSSION
Radiation Effects in Tissues

X-rays in the 10-30 keV range interact with
tissues in two discrete ways. Photoelectric inter-

Outgoing
Photon
(X-Ray)

Scattering
Angle

incoming
Photon
(laser light)

Outgoing
Electron

Tolk NH, Pickens DR, Stephens WH. Near-monochromatic
x-ray beams produced by the free electron laser and Compton
backscatter. Invest Radiol 1990; 25:465-471. {2| Reprinted
with permission of the publisher, JB Lippincott Co., and the
author.)

action predominates from 10 to 20 keV, whereas
Compton scattering effects take precedence above
20 keV (Table 1).

The photoelectric interaction is portrayed in
Figure 6. An x-ray photon traversing the tissue
interacts with electrons in their respective atomic
orbits when the energy of the photon is very near
the binding energy of one of these electrons. The
electron is ejected from the atom, and an electron
from an adjacent orbit falls into the void created,
releasing characteristic radiation of its own, leav-
ing a positive ion within the tissues. When such
an interaction occurs, the incoming photon is es-
sentially extinguished, such that a negative im-
age of the atom or molecule with which it inter-
acted is created in the residual beam that
traverses the part imaged to reach the receptor/
detector.

At slightly higher energies, x-ray photons
scatter off of atoms (with slightly reduced ener-
gies) at angles that are off-axis from the central
beam, creating a useless fog of radiation that does
not impart worthwhile information to most detec-
tors, particularly film.

X-rays are attenuated in soft tissues by dif-
fering amounts, depending upon the effective den-
sity of the material being traversed, the atomic
number of the atoms in the molecules, and the
number of electrons per gram of tissue. In breast
tissue, measurements have shown that fat has a
lower atomic number than glandular tissue,
which, in turn, has a lower effective atomic num-
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Fig. 4. A: The electron beam used for the FEL can be redi-
rected to an interaction zone, where it may collide with the
laser beam from the FEL itself or from other conventional
lasers. B: The FEL consists of an electron source, a linear
accelerator to boost the beam to near relativistic energy, end
mirrors for the laser cavity, and a series of magnets with
alternating north-south orientation (called a “wiggler”).

ber than that of cancer. Johns and Yaffe {4] have
shown a distinct difference in the linear attenua-
tion coefficients of fat, normal glandular tissue,
and cancers in the energy range from 110 keV to
18 keV, with a noticeably significant and increas-
ing separation of relative attenuation between
normal tissues and cancers below 30 keV. This
difference becomes even more pronounced below
20 keV. Since the optimal range for the FEL
Compton device will be between 15 and 17.9 keV,
study of similar breast tissues by our group is
presently underwa;’ at the Brookhaven National
Laboratories at the lower energy range to estab-
lish whether or not the widening gap in relative
attenuation is a continuum or not. Our earliest
data for the energy range from 14.5 to 16.0 keV
shows similar characteristic alterations in rela-
tive attenuation seen by the Toronto group men-
tioned above. We will be returning to Brookhaven
in the fall of 1990 to complete our work before
publication to fill the gap between 16.0 and 18.0
keV.

Had our confirmatory studies underway at
Brookhaven yielded negative or equivocal results,
we would still have been able to benefit from the

(From: Carroll FE, Waters JW, Price RR, Brau CA, Roos CF,
Tolk NH, Pickens DR, Stephens WH. Near-monochromatic
x-ray beams produced by the free electron laser and Compton
backscatter. Invest Radiol 1990; 25:465-471. |2] Reprinted
with permission of the publisher, JB Lippincott Co., and the
author.)

monochromatic beams described here by increas-
ing the effective keV to approximately 20 keV
(taking advantage of already proven effects),
since we presently plan to explore this energy re-
gion anyway, as the device can potentially emit
monochromatic x-rays up to 49.0 keV.

Near-Monochromatic X-rays

By eliminating x-ray frequencies that are
not in the optimal keV range, radiation dose may
be reduced considerably (Table 2). Compared to
the lowest dose film-screen mammographic exam-
inations now done in most hospitals, the near-
monochromatic study will deliver a radiation dose
to the patient that will be from one-tenth to one-
fiftieth as much. A patient would be able to re-
ceive a mammogram for most of her life and still
only receive the same dose now acquired on a sin-
gle study.

The eradication of scatter also allows any le-
sions in the breast to be seen two to six times
better, due to the reduction of noise/fog on the
film.

Use of selected tunable x-ray frequencies
such as afforded by the Compton device carries

pr
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Fig. 5. The x-ray beam created by the Compton backscatter
device consists of concentric rings of photons at lower and
lower energies as one moves radially outward from the center
of the beam. The vast majority of the photons are at the center
of the beam—all with the highest energy obtainable for a
given set of machine parameters; lower energy rings are of

TABLE 1. X-Ray Interactions With Matter:
% Photoelectric Vs. Compton Scatter

Photoelectric interactions

Photon energy as a percent of total

tkeV) (approx.), %
10 95
15 80
20 60
30 30

with it the added benefit of being able to explore
K-edge absorption within the tissues, permitting
“chemical” analysis of breast tissues without the
need for excision. As the x-ray energy reaches the
binding energy of the K-shell electron, there is a
sudden increase in absorption of the beam (the
K-edge), revealing the presence of specific atoms
tFig. 7). Even if the absorption K-edge is lower
than the energy selected, some effect can still be
seen or observed. As an example, local calcium
concentrations are higher in breast lesions. Even

lower intensity. (From: Carroll FE, Waters JW, Price RR,
Brau CA, Rons CF, Tolk NH, Pickens DR, Stephens WH.
Near-monochromatic x-ray beams produced by the free elec-
tron laser and Compton backscatter. Invest Radiol 1990; 25:
465-471. [2] Reprinted with permission of the publisher, JB
Lippincott Co., and the author.)

if the K-edge of calcium is too low to image, chro-
mophores that monitor local calcium concentra-
tion can be used and imaged.

The exceedingly short pulses delivered by
the FEL are also reflected in the monochromatic
x-rays produced by the Compton backscatter de-
vice. A common thread weaving itself through all
of the research being done at the Vanderbilt FEL
is an inquiry into the non-thermal/non-linear ef-
fects caused in tissues by the unique pulse struc-
ture and wavelengths attainable with this excep-
tional laser. Similarly, we will be searching for
frequencies that affect the malignant cells while
leaving normal cells and cell processes un-
changed. If found (and there are reasons to be-
lieve that they will be), this will open the door to
a new form of radiotherapy.

Detectors

Traditionally, film-screen combinations have
been used for routine mammography. They are not
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Fig. 6. The photoelectric interaction, dislodgment of a K-
shell electron by an x-ray photon, occurs predominantly be-
low 20 keV and can be used to greatest advantage in breast
imaging. The characteristic radiation produced when an
outer shell electron fills the void left by the photoelectron
from the K-shell is of such low energy that it does not leave
the soft tissues.

TABLE 2. Radiation Dose Vs. Beam Energy
(in keV) in Mammography

Beam energy Entrance exposure

tkeV) (R)

10 106.0

15 0.042 (42 mR)

20 0.008 (8 mR)

28 (standard low-dose 0.370 (370 mR)
mammography)

always the best or most efficient detectors of x-
rays. Ifonly the central portion of our beam is used
for imaging, our studies will truly be near-mono-
chromatic. However, the concentric rings of radi-
ation at progressively lower keV can be used not
only to impart structural/positional information
about a lesion, but also to simultaneously acquire
energy information concerning that same lesion.
Charge-coupled devices (CCDs) lend themselves to
the rapid acquisition of this spatial and energy-
dependent data (Fig. 8). By scanning the beam, the
patient, or the detection system, one may store
information from each pixel into a portion of mem-
ory set aside for a particular energy level which
could later be formed into a unique energy picture
of the part imaged. These several images could
stand alone as energy-specific images or be added
to or subtracted from one another to synthesize
additional, more complex facsimiles of the breast
or other part imaged.

Detegtor Image
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17keV ISsue
Vs N> <::>
X-ray J
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v N ‘II’
i
15keV |
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Fig. 7. As progressively higher keV photons are passed
through the tissues, a point is reached where the x-ray energy
coincides with the binding energy of the K- or L-shell elec-
trons such that the beam is suddenly absorbed to a signifi-
cantly greater degree, allowing one to detect the presence of
specific elements, both with imaging systems and spectral
analysis systems.

The characteristics of speed, tunability,
power, and versatility permit the FEL to be used
to create near-monochromatic x-ray beams that
are useful for the earlier diagnosis and treatment
of breast malignancies. This technique, however,
is not limited to the breast. Breast cancer will be
studied first, due to the ideal energy range avail-
able on FEL startup, the importance of this ill-
ness to an overwhelming portion of our popula-
tion, and the accessibility and thickness of the
part to be imaged. Extension of this procedure to
other areas of the body will be pursued in short
order as the machine is capable of producing x-
rays of up to 49 keV with few adjustments.

ACKNOWLEDGMENTS

The author wishes to express his apprecia-
tion to others who continue to contribute to the
work on this project on a daily basis: Ron R. Price,
Ph.D., James W. Waters, Ph.D., David R. Pickens,
Ph.D., Carlton F. Roos, M.D., Charles A. Brau,




78 Carroll

Detector

Fig. 8. The concentric rings of distinct x-ray energies in this
beam may be coupled with the unique abilities of charge-
coupled devices, wherein the spatial and energy information
in each picture element (pixel) in the array can be accessed,

Ph.D., Wei W. Dong, M.S., Robert Bain, M.D.,
Norman H. Tolk, Ph.D., and Paul Wang, M.S. He
also expresses his thanks to Tom Ebers for his
excellent editorial assistance.

REFERENCES

1. Brau CA. “Free Electron Lasers.” Cambridge/Boston: Ac-
ademic Press, 1990.

Monitor

AN

P

e Computer

CCD Array

stored, and synthesized into images of the part corresponding
to its characteristics at any one or some combination of ener-
gies in the beam.

2. Carroll FE, Waters JW, Price RR, Brau CA, Roos CF, Tolk
NH, Pickens DR, Stephens WH. Near-monochromatic x-
ray beams produced by the free electron laser and Comp-
ton backscatter. Invest Radiol 1990; 25:465~471.

3. Carroll FE, Roos CF, Price RR, Pickens DR, Stephens WH,
Waters JW, Brau CA, Tolk NH. Tuneable laser may offer
in vivo tissue analysis. Diagn Imag 1989; 11:291-296.

4. Johns PC, Yaffe MJ. X-ray characterization of normal and
neoplastic breast tissues. Phys Med Biol 1987; 32:675-
695.




BY FRANK E. CARROLL, M.D.

The initial diagnostic application for the free electron laser will

probably be in breast screening

Tuneable laser may offer
In vivo tissue analysis

hile lasers have become com-

mon in medicine for cutting,
burning and ablation, radiologists
have only begun to tap their potential
in diagnostic medicine. The use of
this unique source of radiation has
been limited 1o patient positioning
devices, image printing cameras, and
laser angioplasty. Researchers are
breaking new ground, however, with
work on a “tuneable™ laser that could
replace surgical biopsies in determin-
ing the etiology of breast lesions.

Unlike the typical light bulb, which
emits photons across a range of
wavelengths, laser light is distinctive
in that 1ts photons fall within an
extremely narrow bandwidth. Laser
photons are emitted in lockstep con-
cordance as a coherent synchronized
beam. This coherence, along with the
capability of lasers to amplify light to
high power densities, has opened the
door tosuch technologies as expanded
fiber-optic telecommunications, ho-
lography and exceptionally accurate
measuring devices.

Standard x-ray tubes are similar to
light bulbs in that they emit a
broadband spectrum of radiation,
including photons with energies from
10 to 150 keV. Much of the output of
an x-ray tube is wasted radiation,
causing scatter that offers no useful
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information but fogs film and 1is
absorbed by the patient. “Softer” x-
rays are necessary in modalities like
mammography to define contrast
differences between the various com-
ponents of the breast. If the energy of
the x-ray beam could be tuned to the
most useful frequency for the task a1
hand, patient dose might be reduced
and contrast detail boosted by several
orders of magnitude.

* X-ray lasers have been devised and
operated in brief bursts by emission
from excited plasmas pumped by
powerful lasers, such as those used in
fusion research. A source of narrow-
bandwidth x-rays that is tuneable,
controllable and of sufficient strength

for imaging has heretofore been un-
available, however.

FREE ELECTRON LASERS

A multidisciplinary research group at
Vanderbilt University was awarded 2
grant in 1987 by the Strategic De-
fense Initiative Organization and the
Office of Naval Research to explore
the usefulness of the free eleciron
laser (FEL) in the biomedical and
materials areas.'

The FEL is a2 unique device that is
theoretically capable of being tuned
to any frequency across a large
portion of the electromagnetic spec-
trum, from radiowaves to x-rays. This
includes the entire visible spectrum.
This laser may deliver its radiation in
brie{ bursts lasting picoseconds or
femtoseconds, but 1s also capzable of
continuous operation. Because of its
adjustable pulse structure 2nd tune-
ability, the FEL can be used to
explore the nonlinear and nonthermal
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cffects that this type of radiation may
have on tissues and other materials.

The FEL consists of an electron
source and an accelerating device
capable of delivering a beam of high-
quality electron bunches at velocities
near the speed of light. These electron
pulses are directed through an oscil-
lating magnetic field such as is
produced by a series of permanent
magnets with alternating north-south
orientation.

The latter apparatus, called a
“wiggler,” sits between a pair of
mirrors in the laser cavity. As the
electron beam traverses the changing
magnetic field, it is compelied to
wiggle back and forth, emitting char-
acteristic radiation, part of which
bounces between the mirrors at the
ends of the cavity. As the light
repeatedly traverses the wiggler cav-
ity, it too interacts with the electron
beam in such a manner that the light
is amplified (Figure 1).

By changing the energy of the
clectron beam, or by altering the
periodicity or strength of the wiggler
magnets, one may tune the laser to
any desired frequency.’?

Conventional lasers produce their
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radiation at one or two fixed frequen-
cies (unless their radiation is passed
through frequency doubling crystals)
or within a small tuneable band. The
gaps left in the electromagnetic spec-
trum can now be filled by the FEL.

This vastly tuneable 100! has not vet
been driven at x-ray wavelengths
directly. It may, in fact, be some time
before electron beams of such high
quality and energy or wigglers of such
design come to pass. However, the
Vanderbilt Medical Free Electron
Laser group, with grant support from
the Eastman Kodak health sciences
division,' has devised a method 1o
indirectly force the FEL to produce
nearly monochromatic x-ray beams
that are tuneable, have a pulse struc-
ture identical to the FEL, and have a
high enough photon flux to perform
both imaging and in vivo tissue
analysis.

FEL/COMPTON DEVICE

The electron beam used in the FEL is
normally discarded in a “beam
dump™ after it has excited the wiggler
cavity. It may, however, be used in
another way. Nuclear physicists have
long capitalized on the interaction of

clectron beams with other photons to
creatc a type of radiation called
Compton backscatter. This is done by
colliding laser light into an electron
beam. The electrons impart some of
their energy to the incoming photons
and scatter them backwards in a
direction that is almost collinear with
the direction of the electron beam.
The addition of this energy shortens
the photon wavelength appreciably
(Figure 2).

If the energy of the electrons and
the wavelength of the incoming pho-
tons are selected properly, the resul-
tant scattered photons will be shifted
into the x-ray energy range of one’s
choice. Luccio and Brill* outlined the
procedure in 1986 in their patent
application.

The FEL electron beam in the
Compton Backscatter Device (CBD)
under construction at Vanderbilt wil
be shunted by bending and focusing
magnets to an interaction zone. The
infrared or visible light photon output
of the FEL itself (or the output of
other conventional lasers) will be
directed by mirrors to the same
interaction area to collide head-on
with the electron beam. The x-ravs
produced in the collision will be
directed from the FEL vault (which
conlains intense gamma and neutron
radiation) through the bore of a large
PVC pipe that passes obliquely
through a 6.5-foot-thick concrete ra-
diation shield situated above the
FEL, finally exiting into the imaging
laboratory on the floor above the vault
(Figure 3).

The energy distribution of the x-
rays produced and their anpular
dispersion are outlined in Figure 4.

An observer looking back along the
central axis of the beam produced by
this device would see an x-ray beam
consisting of concentric rings of dif-
ferent keVs. This spatial separation
of necar-monochromatic beams can be
useful in the simultaneous collection
of data from independent loci within
tissues at different keVs. While some
voxels of tissue are being probed or
imaged at 18 ke V, others nearby mayv
be examined at 16 or 17 keV. if
desired. The complemeniary spatial
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and energy information for each voxel
can be compiled and multiple x-ray
frequencies explored by scanning the
beam over the tissue in question, by
moving the sample, or by altering the
parameters of the electron beam or
light beams in the interaction zone.

The imaging chain will consist of
charge-coupled devices, film or scin-
tillation detectors, depencing on the
characteristics of the tissue under
scrutiny.

BREAST IMAGING

Because the x-rays produced by the
FEL are nearly monochromatic and
spatially defined, they may serve as a
probe for the detection of K-edges of
various chemical elements. This
would allow chemical maps of tissues
under study to be made. Because
malignant tissues and many benign
diseases have clearly defined chemi-
cal, physiologic and cellular differ-
ences from normal tissues, they may
be differentiated by their chemical
composition. The tissue in question
need not be excised from the body for
such discrimination.

The initial use of this device will
likely be in breast imaging. Breast
biopsy specimens will first be exam-
ined. They will be filmed with stan-

dard mammographic techniques, fol-
lowed by filming with the near-
monochromatic beam. The specimens
will then be subjected to linear
attenuation analysis and K-edge eval-
uation. The characteristics of a large
number of specimens will be used to
establish a database from which
predictions of histology might be
made for future biopsies. Once the
sensitivity and specificity of these
techniques are known, the experiment
will move into the in vivo environ-
ment. Nude mice with mammary
carcinomas implanted in their backs
will be analyzed in 2 manner similar
to the biopsy specimen.

The technique will be used on
patients already scheduled for breast
biopsies only after its accuracy has
been proved. These women will be
studied prior to surgery and an
attempt will be made to predict the
histology of their lesions. The bicpsy
specimens wil] also be studied postop-
eratively and all of the information
correlated with pathologic findings.

The entire procedure will eventual-
ly be extended in the form of a
screening procedure. The entrance
radiation dose to the breast has been
calculated to be 0.11% to 0.02% of
that delivered by conventional screen-

-may be

film systems. As this modaluy is
refined, it i1s meant toreplace surgical
biopsy in determining the etiology of
suspicious lesions.

The last imaging phase of the
development project will focus on 3-D
x-ray holography of the breast and
the extension of its analytic capabili-
ties to other parts of the body. Since
relatively low keV photons (under 50
keV) can easily penetrate any body
part, this tvpe of radiation may be
used to image internal organs and
perform chemical analvses in situ.
Intravenous angiography becomes
more practical and safer at low doses
of contrast, as has been shown with
synchrotron radiation sources.*

The pulse structure of the FEL x-
ray beamis such that radiation pulses
delivered in picosecond
bursts. Such rapid delivery of energy
to tissues is useful in another way. The
vibrational modes of DNA fall into
the picosecond time frame so that
energy from one pulse may be deliv-
ered to intracellular strands of DNA
in a few vibration cvcles, breaking
certain bonds that are frequency-
sensitive.

Instead of the laser energy creating
tissue disruption by thermal means. it
can enhance or retard cellular func-

|

FIGURE 3. vancerbilt Medizal Free Electron Laser building. Shieldec vaull
on lowes! level houses FEL. Complon backscaller device is on left leg of
lnanguiar addition o eleciron beam pipe (black box at arrow). X-1ays are
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tions, such as growth or death by
nonthermal action. Such changes
have already been demonstrated in
cell cultures and intact animals where
fibroblast stimulation or retardation
has been achieved by exposure to
various frequencies and pulse para-
digms. These latter effects have been
shown at visible and infrared frequen-
cies, but similar effects will be sought
at the x-ray frequencies of the
FEL /CBD to explore its usefulness as
a treatment modality. Potentially, a
lesicn may be detected, analvzed,
identified and treated by a single
source of tuneable, near-monochro-
matic x-irradiation.

SHRINKING LASER

The FEL is an extremely large device
that occupies the major portion of a
heavily shielded 100-foot-long con-
crete vault. The laser creates ex-
tremely hazardous radiation levels
around itself while operating andisan
expensive, temperamental apparatus.
How practical then are these
machines?

The configuration of the Vander-
bilt FEL is that of an experimental
prototype. It is like a2 chameleon,
flexible enough to act as a surgical
tool one day, a spectroscopic probe
another day, and a producer of x-rays
on a third. It can also service all those
needs simultaneously without major
changes. When a specific spectral line
yields some of its secrets and shows
major promise as a surgical tool or as
another medical device, 2 more com-
pact dedicated laser of either the
conventional or FEL type may be
constructed for further testing or
clinical use. The FEL can then be
tuned 1o some other frequency or
pulse format of interest for explora-
tion of its usefulness.

Comprehensive research is under
way at several national laboratories to
devise a more compact FEL. Los
Alamos National Laboratories in
New Mexico, in particular, has made
inroads towards shrinking the elec-

tron gun 10 a2 device only 18 inches.

long. Electromagnetic wigglers and
newer accelerator technology have
advanced 10 the point of test imple-
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mentation. One of the
goals of FEL research
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liminary work of sur-
geons,  cardiologists
and interventional ra-
diologists. More ex-
perimentation is need-
ed before laser
angioplasty is accepted
as a standard proce-
dure. The reader is di-
rected to a good over-
view of laser
angioplasty for more information.’

While the technical success of laser
angioplasty is unquestioned, its clini-
cal efficacy remains uncertain. Re-
sults of long-term patency studies are
still unknown, as are tendencies to-
wards such complications a< fuiure
aneurvsm formation. Research at
other frequencies and with new meth-
ods of delivering the energy safely to
atherosclerotic plaque within intact
vessels is needed.

Transillumination of the breast
with infrared and visible laser light 1s
also under study. Overlap in the
spectroscopic patterns obtained in
normal and neoplastic tissues has
been a roadblock to higher sensitivity
and specificity. The overlap is the
result of scattering within the tissues,
absorption by blood, and other uncon-
trollable considerations.

The addition of chromophores
(chemicals that give rise to color in
molecules) to monoclonal antibodies
or other compounds that concentrate
In tumors is a possible new way to
detect superficial tumors. Hemato-
porphyrin derivative (HDP). for ea-
ample, will accumulate in malignant

Distnbution of x-ray energies oblaned i FEL/BCD using
paramelers of FEL as delivered (curves A and B) and for system
with eieclron beam energy increzsed to 55 MeV. Curve B 1s
distribution of x-rays when interaction zone is cantec 15°€ off-axis
from photon beam. Little change is seen n number of energy of
pholons produced. This allows electron and x-ray beams lo skit
pas! end mirrors usec to direct pholon beam al interachon zone.
Were x-ray or electron beam requirec 10 pass through murrors.
there would be extensive altenuation of beams anc ¢amaging
efiects lo mirror.

tissues in the airways and f{iuoresce
when illuminated with certain {re-
quencies of laser light, thus directing
ablative laser surgical beams to their
location. HDP or carotenoid beia-
carotene can accumulate in athero-
sclerotic plaques, and may be activat-
ed by illumination with less intense
laser light. This causes formation of
singlet oxygen, which stimulates de-
gencration of the atherosclerotic
plaque or destruction of tumors over
longer periods of time.

Medicine needs to look toward such
devices as the FEL if it is to reap the
benefits of coherent radiation
sources. This single laser can be used
to explore innumerable wavelengths
and pulse formats, without the add:-
tional cost of standard lasers.

The FEL can operate at discrete
frequencies and set pulse formais
until its usefulness has been estab-
hished. One must keep an open mind
about changes at the leading edpe of
high-technology development, wheth-
eritsprings de novo from radiology or
from resecarch in space exploration or

defense technology .
References on page 362
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ABSTRACT

The intense IR photon output of the Vanderbilt FEL is to be made to collide with its own high
energy electron beam to create nearly monochromatic Compton Backscattered X-Rays. At
Vanderbilt, a sub-project of FEL generated X-Rays is under development parallel to the
construction and initial operation of the FEL main project. The electron beamline and IR photon
beamline designs are near completion, including design of electron beamline magnets and their
layout, design of IR optical beamline elements and their layout, electron and IR optical beam
diagnostics and alignment methods.

* Frank E. Carroll, Tc"(615) 322-0999, Fax (615) 322-3764




DEVELOPMENT OF THE VANDERBILT
COMPTON X-RAY FACILITY

INTRODUCTION
When a photon collides with a free electron, its energy and direction change to conserve energy
and momentum. This is called the Compton Effect. When the electron is relativistic, that is y =
E/mc?2 » 1 (where E is the total energy of the electron, m the rest mass, and c the speed of light ),
and the photon has a low energy, that is A » A¢ =h /mc = 2.42 x 1012 m ( where A¢ is the
Compton wavelength, h the Planck's constant, AL the wavelength of the incident photon ), then

the wavelength of the scattered photon is given by the formula

Ag=AL (1+7262)/4%2 (1

where 6 is the angle through which the electron is scattered. For an infrared photon with a 2 um
wavelength scattered in the backward direction (6 = 180" ) off a 43 MeV electron, the wavelength
of the scattered photon is 0.7 A, which corresponds to an X-ray with an energy of 17.6 keV, in the
X-ray part of the spectrum. Since intense, monochromatic light can conveniently be generated by
lasers, and an intense monochromatic electron beam can be generated by conventional accelerators,
X-rays produced by Compton scattering can be made quite monochromatic as compared with those
gencrated by conventional X-ray tubes. Such narrow-spectrum X-rays may have important
advantages for medizal imaging. In particular, the low-energy photons from a conventional X-ray
tube are absorbed close to the skin surface in the patient and contribute to the patdent's X ray dose,
but not to the X-ray image. High energy X-rays, on the other hand, often pass through the patient
undergoing scattering which tends to fog the film, and degrade the X-ray image. It is the
intermediate X-rays which experience absorption in the body due to photoelectric processes, and
form the X-ray image. For mammography, the useful X-rays are those with wavelengths around

? - . - . . . .
0.7 A and energies around 18 keV. By usine Xoravs of this enerzy and s improsed conrast, it s
i) o . flP) h




estimated that the patient dose required to provide the image quality of a standard mammogram can
be reduced by a factor of about 50.

In the Vanderbilt Compton X-ray facility, infrared photons at wavelengths around 2 pm are
produced by the Vanderbilt free-electron laser, while electrons at energies around 43 MeV are
provided by the beam emerging from the free-electron laser. These are collided in a small
interaction region, about 40 pm in diameter, to produce X ray photons of the desired wavelength
at the rate of about 1010 per second. The schematc of this project is shown in Fig.1. These X-rays
can be used to explore the use of such photons in medical imaging of breast cancer, and eventually,

to perform mammography in clinical trials.

INTERACTION GEOMETRY
Since the expected emittance of the electron beam is smaller than the laser wavelength, the
emittance may be ignored in optimizing the interaction geometry. Only the electron pulse length
need be considered, so we optimize by setting the Rayleigh range = 1/2 the electron pulse length (
= 1/2 of the optical wavelength ).

The design electron energy of the Vanderbilt FEL is 43 MeV and the infrared optical wavelength
is about 2 um. Under these conditions, the X-ray wavelength is 0.7 A. For an average laser power
of 6 W and an average electron beam current of 200 mA, the optimized X ray photon output is 4.0
x 1012 per second per steradian; the electron beam and the infrared beam are both focused to the
same size, 12 pum in radius. Both beams in the interaction zone are shown in Fig.2. For
experimental convenience , the beams will be focused to a larger spot, about 20 um in radius. The

number of output photons is then 2.7 X 1012 per second per steradian.

ELECTRON BEAMLINE DESIGN
Since Compton X-rays are generated along the direction of the the electron beamline, and the X-
ray laboratory is one floor above the FEL vault, we must either bend the electron beam from its

original horizontal direction, into the direction of the laboratory , or generate X-rays along the




original electron direction, and bend the X-rays up to the laboratory. This option, opened up by
recent technological developments in X-ray "fiber optics”, is discussed later.

The electron beamline design shown in Fig.3 is used to deflect the electron beam up toward the
laboratory, so that the X-rays are produced in that direction. After passing through the interaction
region, the electrons are directed back to the original beamline and transported to the beam dump.

The beamline design is complicated by the finite emittance and energy spread of the electron
beam. A further complication of a practical nature is introduced by the fact that the electron
beamline lies in a plane tilted about 47° from the horizontal plane. Because the electron beam has an
energy spread of the order of a few percent after emerging from the wiggler, the beam transport
system used to focus the beam into the interaction region must be achromatic. Our design is to
make four identical bends, each consists of two 20° single bends with a quadrupole in between the
two dipoles, together they make an "achromatic bend”. Other quadrupoles are needed for focusing
and beam-control purposes. A total of eight 20° dipole bending magnets and fifteen quadrupoles
are needed for this design. First and second order TRANSPORT and POISSON calculations were
used in the design.

Because the emittance of the electron beam is expected to be smaller than the wavelength of the
laser, the emittance allows the electron beam to be focused inside the interaction region. However,
the emuttance affects the monochromatic quality in the following way, within the interaction cone of

each electron, the wavelength increases with the angle from the electron direction according to the

formula (valid fory»1)

A=ho(1+¥202), ()

where 0 is the angle between the direction of the radiation and the electron motion, A is the
photon wavelength in the forward direction. Thus, if the electrons are not moving parallel to each
other, the X-radiation in a given direction will contain a spread of wavelengths. A further spread in

the X-ray wavelength is caused by the energy spread of the beam. To minimize this effect, it is
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important that the electron beamline not expand the emittance by converting the electron energy

spread into emittance growth.

AN ALTERATIVE ELECTRON BEAMLINE DESIGN
Recently, a new kind of X-ray optics, X-ray “capillary”, or X-ray "fiber optics" is under
consideration [1]. It uses multiple tdny hollow glass tubes. X-rays undergo myriad glancing
incidence total external reflections inside the tubes with only limited loss. With these capillaries we
will be able to first collimate, then bend the X-rays up to the X-ray laboratory. The schematic of
this design is shown in Fig.4.

With capillary technology, we can avoid having to build a complicated electron beamline with
many magnets in order to bend the electrons. This approach will simplify the whole electron
beamline design and enable us to use fewer magnets. Another advantage of this design will be to
avoid sending the electrons in the direction of the X-ray laboratory where people will be working,
thus reducing the potential radiation hazard. The disadvantage of this design is that the capillary
technology has not yet been actually used as a scientific research tool, making success uncertain.
The cost of a capillary tube bundle device and a few magnets is estimated to be less than the total

cost of the magnets needed in the first design .

OPTICAL BEAMLINE DESIGNS
The purpose of the infrared beamline is to transport the FEL infrared optical beam to the
interaction region and focus it at the "interaction zone" 10 a diameter of about 40 um. When the
electron and laser beams are not exactly collinear, the wavelength shifts slightly according to the

formula

A=Xc/cos? 8 3)
where 0 is the angle between the axes of the electron and laser beams, Ac the wavelength in the

collinear case. The angular factor for the produced X-ray bearm intensity of the crossing beams is




also cos2 8. This is a small effect for small angles, and it is therefore possible to use geometries in
which the beams cross at a small angle. However, if the angle becomes much larger than the
convergence angle of the laser beam, the electrons have less time to interact with the laser beam and
this reduces the X-ray intensity. Therefore, at the region beyond the interaction zone, all three
beams have to overlap geometrically. However, passing the electron beam through any optics
transporting the infrared beam is not possible without damaging the optics. Also, the X-ray beam
has to be transported through this system to go into the laboratory upstairs. These conditions
complicate the infrared beamline design. Four approaches for solving these problems are under
consideration:

1) The tirst approach is to transport the infrared beam collinearly with the electron beam. This is
shown in Fig.5, corresponding to the 8 = O case. The mirror that reflects the infrared beam has a
hole at the center, which is also the center of the beamline, lazge enough to let the electron beam
and the accompanying X-rays pass through. The advantage of this method is that it is simple and
inexpensive. The disadvantage is loss and distortion of the infrared beam due to the hole in the
middle. This causes a loss of the most intense portion of a Gaussian infrared beam. The total loss
due to the hole alone is estimated to be 1% of the beam intensity, if we use a 10 mm radius mirror
with a 1 mm radius hole placed at 30 cm from the interaction zone. Also, there will be some
electrons on the edge of the beam "scraping” the mirror near the hole, which will cause damage to
the mirror.

One solution 1o the intensity loss is to place the hole off ccnter in a region of lower intensity.
However, this will make the two beams non-collinear, as shown in Fig.5, for the 6 = 0 case, and
reduce the interaction between the beams. The estimated loss due to the angular factor and the
intensity loss 1s 0.7% of the beam intensity, assuming the hole i1s mounted to the 1/e intensity point
of the the infrared beam 30 cm away from the interaction zone.

2) The second approach is an alternative to the first method, replacing the standard mirror for
transporting the infrared beam with a beryllium mirror. This mirror can be placed further

downstream after the electron beam is directed away. This is ( an alternative way for the first




method too ) shown in Fig.6. The difference is that this Beryllium mirror is almost transparent to
the X-rays and can be coated to reflect infrared photons. Therefore, the use of a Beryllium mirror
does not introduce the distortion to the beam because this avoids the need for placing any hole on
the mirror.

3) The third approach is to make the infrared beam and the electron beam cross initially with a
small angle. This is shown in Fig.7. The reduced X ray output due to the angular factor is
estimated to be 0.1%. This is the simplest, most effective and least expensive design of all. It
avoids the serious electron damage problem of the first approach.

4) The fourth approach is shown in Fig.8. An axicon pair is used to reshape the infrared beam
to a hollow one (2]. The hole necessary for the electrons and X ray photons to pass through can
be adjusted to the desired size and placed where the beam itself is hollow. The disadvantage of this

approach is the cost and complexity of the axicon pair.

ELECTRON BEAM DIAGNOSTICS AT FOCUS

To optimize the Compton X ray output, the electron beam and the infrared optical beam must
be aligned collinearly and focused at a common point of about 20 pm radius. Aligning the system
and diagnostics for both beams are necessary. The difficulties for the diagnostics are:

First, at the focus, our electron beam has the luminosity of 4.5 x 107 W/mZ2. This is more than
enough to melt any screen material in a single macropulse.

Second, both beams have a pulsed structure. Thus not only must both beams be aligned and
focused spatially, but also the picosecond micropulses of both beams must meet simultaneously at
the focus.

Of these, the first problem is the most difficult one to deal with. The most straightforward and
most reliable method for diagnosing an electron beam with a beam size as small as tens of
micrometers is to have a screen at the focusing point. To avoid melting diagnostic screens, when
diagnosing, we must reduce the electron beam intensity. Beam: intensity can be reduced by one of

the _everul ways:




1) The first method is to place a slab with the proper thickness and material, an "attenuator” in
the electron beam, at the upstream end of the interaction region so that the multiple scattering
processes reduce the number of electrons as shown in Fig.9. Elecuons coming out of this
attenuator with the "wrong” energy and emittace can be filtered out with a pair of "emittance filters”
in each plane and an "energy filter". The latter already exists for the FEL itself. The former can be
inserted into the beamline without too much difficulty. Computer simulation with the program
EGS4 assures us of the effectiveness of the method and the requirements for the attenuator
material.

An alternative method is to place holes in the slab, to form a "pepper pot”. Tt= holes allow the
desired portion of electrons to go through the attenuator without being disturbed. The emittance
filters and the energy filter again filter out the "wrong" electrons scattered by the slab. This is also
shown in Fig.9.

2) The second method is to scan the electron beam on the diagnostic screen at the focus with an
RF cavity in the horizontal or vertical plane. Instead of having an "image spot” of the electron
beam, we get two crossed lines. The width of the horizontal line represents the electron beam size
vertically. The width of the vertical line represents the beam size horizontally, as shown in Fig.10.
The method is more expensive than the attenuator, even though we can make use of the existing
RF source.

3) The third method can be called the "non-interactive™ method. It works under the same
principle that the Compton X-ray production works. The RF from the same source as the FEL,
which has a frequency of 2856 MHz, is guided into the interaction zone where it collides with the
electron beam. A light beam of about 3.7 um in wavelength will be generated as a "probe beam”,
as shown in Fig.11. The probe beam goes through the same optical elements as the infrared beam

does so that the alignment of the both beams can be done simultaneously with the same screen.

CONCLUSION




At Vanderbilt, tunable, near monochromatic Compton X-rays will be generated using the FEL
residual electrons and the FEL output infrared optical beam. The project is near its construction
stage. A few of the possible designs for different parts of beamlines are reported here, including
the electron-beam design, the infrared optical-beam design, electron beam diagnostics and a

possible X-ray optcal design using capillary "fiber opucs”.
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THE VANDERBILT UNIVERSITY
FREE-ELECTRON LASER CENTER

C. A. Brau
Department of Physics and Astronomy
Vanderbilt Univ ersity, Nashville, TN 37235

Abstract

Vanderbilt University has established a multidisciplinary Free-Electron Laser
Center to exploit the opportunities made possible by the free-electron laser for
applications in medicine, biology, materials science, and other fields of research. The
free-electron laser, which recently began operation, :s tunable over the wavelength
range from 2 to 10 um. The device has demonstrated 400 mJ per pulse at a wavelength
of 4.8 um, in 6-us pulses, and an average power of 11 W at a repetition rate of 30 Hz.
Extensions to the X-ray and far-infrared regions are underway. The Center, which will
be used by researchers from within the University and from around the world, has
already given birth to a variety of interdisciplinary collaborations among scientists
brought together by the unique opportunities provided by the Center.

Please send proofs to Charles A. Brau, Department of Physics, Box 1807 B, Vanderbilt
University, Nashville, TN 37027. Phone: (615)322-2559. FAX: (615)322-7263.
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1. THE FACILITY

The Vanderbilt University Free-Electron Laser Center is dedicated to exploring
the application of free-electron lasers to research in medical and materials sciences.

The tree-electron laser is located in a new laboratory building located on the University
campus adjacent to the Departments of Physics and Chemistry, the School of
Engineering, and the School of Medicine. The Department of Molecular Biology is
close by. The Center houses not only the free-electron laser, but a variety of
experimental laboratories and supporting equipment as well.

A cross-sectional view of the facility is shown in Fig. 1. As indicated there, the
free-electron laser is located in a vault in the sub-basement. The control and diagnostic
rooms are located on the laboratory level, as indicated in Fig. 2. The control room
contains the Sun 3861 master control computer as well as the laboratory radiation and
laser safety systems. The diagnostic room is used to monitor the performance of the
free-electron laser, including the power, the pulse energy, and the spectrum of the laser
on a single shot.

The laboratory level provides approximately 600 m? of laboratory space. Five
laser target rooms are equipped with general-purpose utilities such as conditioned and
isolated power, deionized water, and computer interconnections. An optical-beam
transport system designed and built by Optomec Design Company is used to bring the
beam from the free-electron laser through the diagnostic room to the various
experimental laboratories, as indicated in Fig. 2.

For experiments in surgery, the Center has a complete medical suite. The two
operating rooms are built in accordance with Amernican Association for Laboratory
Animal Science guidelines and the facility has been approved for animal surgery. The
first operating room has been equipped with an operating table and lamp, a complete
range of conventional surgical instruments, anesthesia machine, I. V. pump, dr-icll,
electrocautery unit, a bank of electrophysiological instruments for assessing laser
cffects on nerve and brain, and other conventional surgical equipment. In addition, for
use with the free-clectron laser, the operating room is equipped with an articulated arm,
which provides a hand-held optical-beam delivery system to manipulate the free-
clectron laser beam in surgical procedurces, and a Zeiss operating microscope. The
second operating room will be equipped later, based on experience with the first
operating room.  In addition to the operating rooms, the medical suite includes a
computer work room for computer-image-guided surgery, lockers for the surgeons, and
an approved animal-care facility for the preparation and recovery of the animals used in

surgery.



These laboratory facilities are supplemented by a variety of support laboratories
in the Center which have special-purpose equipment. A wet lab and a tissue-culture lab
are provided to support experiments in biology and medicine. These laboratories are
presently equipped with biological and fume hoods, incubators, microscopes,
chromatographs, refrigerators, centrifuges, and so on. In addition, an electronics shop
is available for the maintainance and development of experimental equipment.

The Center also possesses a combination of instruments which are directly
available to the applications experiments. Major items of equipment include 2 Raman
spectrometer, doubled-YAG-pumped dye laser system, excimer laser system with
articulated arm and fiber delivery systems, cw modelocked Yag laser, argon laser,
fluorescence spectrometer, and FTIR spectrometer. Other facilities and equipment are
available through the Dapartments and Schools of the University which are
collaborating in the research at the Center.

2. THE FREE-ELECTRON LASER

The Vanderbilt free-electron laser is a model FEL I built by Sierra Laser
Systems. This is a small, infrared free-electron laser similar to the Stanford University
Mk. III free-electron laser{1]. The electron beam is produced by a 45-MeV rf
accelerator operating at a frequency of 2.856 GHz. The rf pulses are vanable in length
up to 8 us, overall, and the electron-beam pulses last up to 7 us. The nominal and
measured operating parameters of the laser are summarized in Table I.

The laser pulse length is variable up to about 6 Hs, and the repetition rate is
variable up to 60 Hz. Each macropulse consists of a sequence of mode-locked
micropulses, each about 2 ps in length, repeated at the accelerator frequency of 2,856
Ghz. The wavelength is tunable from 2 to 10 um on the fundamental, and down to
about 1 pm on the third harmonic. The power i1s maximum around 4 ptm, and falls off
at longer and shorter wavelengths. Recent experiments have demonstrated pulse energy
of 400 mJ in pulses lasting 6 us, at a wavelength of 4.8 pm. A typical macropulse is
shown in Fig 3. Operating at a pulse repetition frequency of 30 Hz, a sustained
average power of 11 W has been achieved, making the free-clectron laser the most
powerful in the world.

For maximum flexibility, the FEL 1 is computer controlied by a Sun 3861 master
computer and three slave computers. For the convenience of the users, it is possible to
control the laser from remote computer terminals located in the experimental

laboratories.




Although operation as summarized in Table I is well suited to a broad variety of
applications, as described in Section 4, other applications demand a variety of other
wavelengths and pulse lengths. This will require that the free-electron laser be
modified in several ways, with a priority to be established by the demands of the
various applications. The following upgrades are in progress, and others may be
considered in the future:

Monochromatic (but incoherent) X-rays are important for a variety of
applications including hard-X-ray medical imaging and therapy and soft-X-ray
microscopy. These X-rays will be produced by Compton backscatter of free-electron
laser photons off the electron beam. The electron beam downstream of the wiggler is
focused to a 20-pum spot to interact with the focused laser beam. The electron beam
may be directed upward toward the laboratory level, as shown in Fig. 3, since the X-
rays are produced in this same dircetion. Alternatively, the X-rays themselves may be
directed toward the laboratory by means of X-ray hollow-fiber optics. The X-rays are
transmitted to the target room by means of a tube through the concrete radiation

shielding. The X-ray facility will initially produce of the order of lO10 photons/s in a
spot a few centimeters in radius, at wavelengths from 1 nm (1 keV) to 0.06 nm (20
keV).

Far-infrared wavelengths are needed for experiments in biophysics and materials
physics. To address these requirements, it is planned to develop a Cerenkov free-
electron laser source able to operate in the wavelength region from 50 to 200 um. A
Cerenkov free-electron laser operates by interacting the high-energy electron beam with
an clectromagnetic wave travelling at the same velocity as the electrons, slightly less
than the speed of light, in a dielectric waveguide[2]. The peak power is predicted to be
of the order of 10 MW in the micropulses. It will be possible to operate the Cerenkov
free-clectron laser synchronously with the conventional free-electron laser for pump-
probe experiments.

For some experiments, in time-resolved spectroscopy, for instance, it is useful to
have shorter macropulses, or even single micropulses. Short macropulses, of the order
of 10-ns duration, can be achieved by cavity dumping using a laser-driven silicon
output coupler in the optical cavity of the free-electron laser[3]. When the
photoelectric injector or pulse chopper is used, single micropulses can be obtained by
switching out a single micropulse from the macropulse or by cavity dumping.

Wavelengths shorter than the nominal 2-um limit of the Sierra Laser Systems

FEL I are needed for experiments in materials physics, biophysics, and surgery.




Wavelengths down to about 1 pm, in the near infrared, may be obtained by lasing on
the third harmonic of the free-electron laser{4].  Shorter wavelengths, down to the
near ultraviolet, may be obtained by conventional nonlinear harmonic generation
techniques[S].

For applications in materials physics, molecular dynamics, biophysics,
and molecular biology, it is sometimes useful to have micropulses shorter than the
nominal 2 ps of the Sierra Laser Systems FEL I. Three techniques will be developed to
provide pulses as short as a few optical cycles, tunable throughout the infrared. In the
first technique, the electron-beam energy will be chirped within the micropulses to
generate chirp in the laser micropulses. This chirp may be used in a dispersive delay
line (a grating pair) to compress the optical pulses to a few cycles[6]. In the second
technique, the synchrotron instabilities may be used at long wavelengths to compress
the pulses within the free-electron laser itself. Finally, at short wavelengths, nonlinear
optical fibers may be used to generate a wavelength chirp so the optical pulse may be
compressed in a dispersive delay line, as is done with conventional lasers.

3. APPLICATIONS RESEARCH AT THE CENTER

‘The Center currently supports a broad program of research in medicine and
materials science. The experiments in progress are characterized not only by the close
relationship between experiments but also by the degree of collaboration between the
scientists working on the various projects at the Center. It may be that the most
important contribution of Centers such as the one at Vanderbilt will be to bring together
investigators from different fields and orientations and cross fertilize projects with ideas
which would not have been introduced in the normal course of rescarch. Projects.
underway at the Center include the linear and nonlinear interaction of laer radiation
with optical materials and mammalian tissue, the spectroscopy of species adsorbed on
surfaces, the linear and nonlinear spectroscopy of DNA and RNA, the dynamics of
proteins in cell membranes, the biomodulation of wound healing by lasers, image-
guided stereotactic neurosurgery, and the use of monochromatic X-rays in medical
imaging and therapy.

In addition to supporting intramural research, the Center has been established as
an international resource to support a broad extramural research program. The
selection of programs for the Center and the allocation of the resources of the Center to

these programs is the responsibility of the Peer Review Board of the Center.




Applications to use the Center should be directed through the Director of the Center.
Proposals will be accepted in the following categones:
Medical research, including surgery, photodynamic and radiation therapy,
medical imaging and diagnostics, and other medical therapy or diagnostics;
Biology, including biophysics, biochemistry, and molecular biology;
Materials science, including optical materials, surface physics and
chemistry, laser-materials interactions, condensed-matter physics, radiation
damage, and related science and engineering.

To be considered, a proposal must make good use of the Vanderbilt free-electron
laser, and must compliment the program underway or planned for the Center.
Although not a requirement, collaboration with other experimenters at the Center 1s
encouraged as this will facilitate the conduct of the experiments and lead to cross-
fertilization. Projects meeting these criteria will be prioritized by the Peer Review
Board based on generally accepted standards of scientific merit and importance. In
1992 and 1993, the Peer Review Board will also be responsible for funding extramural
projects using the Vanderbilt free-electron laser. The procedure for applying for
funding under this program is similar to that described above.
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Table I: Parameters of the Sierra Laser Systems FEL I free-electron laser.

Nominal Measured -

Accelerator
Electron energy 20-45 MeV  36-43 MeV
Micropulse peak current 20-40 A
Macropulse average current 200 mA 250 mA
Energy spread 3.5% 0.5%
Normalized emittance 4nx 10 mm-mrad
Wiggler
Wiggler length 108 cm 108 cm
Wiggler period 2.3cm 23 cm
Maximum wiggler field (rms) 047T 0.44T
Laser
Wavelength 2-10 pm 2.6-5.6 pm
Micropulse duration 0.5-3 ps
Micropulse repetition rate 2.9 GHz 2.9 Ghz
Macropulse duration 0.5-6 us 6 us
Macropuise energy 100 mJ 400 mJ
Macropulse repetition rate 0-60 Hz 1-30 Hz

Overall average power 0-6 W 0-11'W




Figure captions:
Fig. 1. Cross-sectional view of the Vanderbilt University Free-Electron Laser Center.

Fig. 2. Plan view of the vault level of the Vanderbilt University Free-Electron Laser
Center.

Fig. 3. A typical macropulse from the FEL I laser.




References:

1. S. Benson, et al., J. Laser Applications 1 (July), 49 (1989).
2. J. E. Walsh and J. B. Murphy, IEEE J. Quant. Electron. QE-18, 1259 (1982).
3. S. V. Benson, et al., "A Demonstration of Loss Modulation and Cavity

Dumping in a Free-Electton Laser Oscillator," 11m International Conference on Free-
Electron Lasers, Naples, FL, 28 August-1 September 1989.

4. R. W. Warren, e al., "Lasing on the Third Harmonic," 11th International
Conference on Free-Electron Lasers, Naples, FL, 28 August-1 September 1989.
5. B. A. Hooper, et al., "Applications of Harmonic Generation of Picosecond

Pulses from a Free-Electron Laser," 11th International Conference on Free-Electron
Lasers, Naples, FL, 28 August-1 September 1989.
6. E. B. Szarmes, et al., "Pulse Compression on the Mark III FEL Using Energy

Chirping," 11th International Conference on Free-Electron Lasers, Naples, FL, 28
August-1 September 1989.




L] <
* o
] 2 . - * .0
o o [ .. Te. e 6 Q v o - ¥ o LESP O o @0 00 A
- ‘nO. e ..\.. © :ﬁ. — .....o..aﬁ.‘... .9)%0.. ,.O.-Q..O.Q...HO.“.. < Nvu.O.O...O..C o ..O... nm... 0° 2 v....0 o .....3..cc Ve e R
AT LI e L0, 0 .bOsG.. O PR A P “w e g e % 0, O O R 2 AT - F R LT = -
,LL— - ik —_— — .\
- b 4
- Y )
i!a&'U

2] -

",
PPN | R pA - R Y

Ur T 1)
LG ewem— %




S ”.Sx,..“.“.?..".u.".x.".”@mﬁ.}. I SRR T R

t# wooy S# wooy wooy
yobiel 1ebiey . j0)u0d

£# wooy
PM yoBie]

wooy

sopsoubelq ._. I_

A1anooay B
daid jewjuy

Qe 0’0
jewjuy

Z# wooy L# Wooy

R TR TR LT IRERLLS PRTRTRRERTERLIARL KXY XRERX PR RRRRTENEn LY

W31SAS LHOdSNVHL Wv34
H31IN3OD H3ISVT NOH1O3T13-d3Hd 1TI9HIAANVA




<—(np/sTig) swip

Iy
13

- Jrjll - — IIH.I — 4 — %i?.ﬂ:}\#\(«ﬂ

% 1uaLIing
h weoag

L1 1 1 _nn-!‘- 1} 1 1 | W S ) 1 1
f\rtctelrl._li.luﬂ../:HlHr == L.W(.d_. e A2 e

lamod
@ lasen

/ _m>ki




THE VANDERBILT UNIVERSITY
FREE-ELECTRON LASER X-RAY FACILITY
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Department of Physics and Astronomy
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Frank E. Carroll, David R. Pickens, Ron R. Price and Carlton F. Roos
Department of Radiology and Radiological Sciences
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We wish to submit this abstract to the conference on
X-Ray Detector Physics and Applications
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The Vanderbilt University Free-Electron Laser Program is developing the capability to
create near-monochromatic X-Rays for Medical Imaging and other purposes. For this
experiment we feed-back the normal infrared FEL light to collide with the electron beam.
This causes Compton backscattering of the incident photons which create X-rays. These
X-rays cannot feed a X-ray laser, but they have a collimated intensity and tunability which
will make them highly suitable for medical imaging. This paper is particularly focussed on
the X-Ray beam transport to be used with this experiment. This transport must collimate
the X-Ray beam and re-direct it to match a beam chase located in the vault ceiling at a
40 degree angle to the electron beam axis. A brief description of the creation mechanism
and X-Ray beam properties are included.

Perry A. Tompkins

Department of Physics and Astronomy
Vanderbilt University

Nashville, TN 37235

(615)343-8505

Bitnet: “tompkipa@vuctrvax”




Invited Paper

The Vanderbilt Free-Electron Laser Center
for Biomedical and Materials Research
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Department of Physics and Astronomy
Vanderbilt University
Nashville, TN 37235

ABSTRACT

The newly commissioned Vanderbilt Free Electron Laser Center for Biomedical and Materials
Research is a multidisciplinary users facility intended as an international resource. [t provides
extremely intense, continuously tunable, pulsed radiation in the mid-infrared (2-10 um). Projects
already underway include the linear and nonlinear interaction of laser radiation with optical
materials, semiconductors, and mammalian tissue, the spectroscopy of species adsorbed on
surfaces, measurement of vibrational energy transfer in DNA and RNA, the dynamics of proteins
in cell membranes, the biomodulation of wound healing by lasers, image-guided stereotactic
neurosurgery, and the use of monochromatic X-rays in medical imaging and therapy. The purpose
of this article is to introduce the machine to the user community and to describe some of the new
experimental opportunities that it makes possible. Details of several research projects are
presented.

1. CHARACTERISTICS OF THE FREE-ELECTRON LASER

The Vanderbilt free-electron laser (FEL) is tunable over the 2 to 10 um wavelength range
with high output power. At a wavelength of 4.8 um, 6-us pulses with energies of 360 mJ and an
average power of 11 W (30 Hz repetition rate) have been reliably demonstrated. This is the highest
average power achieved to date by any tunable FEL. Extensions to the X-ray and far-infrared
regions are underway. The Vanderbilt machine is a Sierra Laser Systems model FEL I, similar to
the Stanford University Mk. III.! The electron beam is produced by a 45-MeV rf accelerator
operating at a frequency of 2.856 GHz. The laser pulse length is variable up to 6 ps with a
repetition rate of up to 60 Hz. Each macropulse consists of a sequence of mode-locked
micropulses 2 ps in length and repeated at the accelerator frequency. The wavelength is tunable
from 2 to 10 um on the fundamental, and down to about 1 pur- con the third harmonic.

The power is maximum around 4 pm falling off at longer and shorter wavelengths. Pulse
power and energy measurements are conducted with Molectron pyroelectric power detectors;
wavelength calibration is done with a MacPherson 0.3-m monochromator fitted with a Spiricon
one-dimensional pyroelectric array, allowing the spectrum of a single pulse to be analyzed. Since
the FEL is computer controlled, it is possible for users to control the laser from remote computer
terminals located in the experimental laboratorics. The nominal and measured operating parameters
of the laser are summarized in Table .

* Permanent address of Professor Giorgio Margaritondo: Ecole Polytechnique Federale de
Lausanne, Institute de physique appliquee, Departement de Physique, PHB-Ecublens, CH-1015
Lausanne, Switzerland.
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Since scientists at Vanderbilt are fundamentally a community of machine users rather than
machine builders, demands on the FEL are somewhat different from those laboratories which are
specifically concerned with FEL technology development. In particular, the Vanderbilt FEL needs
to be highly versatile with regards to a variety of optical output parameters. In the future the
operating capabilities of the FEL will be extended to the far-infrared and X-ray regions and a
tlexible pulse structure (macropulse length and interpulse spacing for both macro- and micro-
pulses) will be developed. Some of these future upgrades are described below.

Monochromatic (but incoherent) X-rays are important for a variety of applications including
hard-X-ray medical imaging and therapy and soft-X-ray microscopy. There is also interest in
studying the interaction of tunable X-rays with model insulator materials in support of the effort to
develop this technique for in-vivo tissue analysis. In particular, the selectivity mechanisms
associated with the creation of inner shell vacancies will be studied by tracing the various reaction
channels of the ionizing Auger and radiative decay schemes. The X-rays will be produced by
Compton backscatter of free-electron laser photons off the electron beam. The electron beam
downstream of the wiggler is focused to a 20-um spot to interact with the focused laser beam. The
clectron beam may be directed upward toward the laboratory level, so that the X-rays are produced
in this same direction, or the X-rays themselves may be directed toward the laboratory by means of
X-ray hollow-fiber optics. The X-rays are transmitted to the target room by means of a tube
through the concrete radiation shielding. The X-ray facility will initially produce of the order of
1010 photons/s in a spot a few centimeters in radius, at wavelengths from 1 nm (1 keV) to 0.06 nm
(20 keV).

Far-infrared wavelengths are needed for experiments in biophysics and materials physics.
To address these requirements, it is planned to develop a Cerenkov free-electron laser source able
to operate in the wavelength region from 50 to 200 um. A Cerenkov free-electron laser operates
by interacting the high-energy electron beam with an electromagnetic wave travelling at the same
velocity us the electrons, slightly less than the speed of light, in a dielectric waveguide.® The peak
power is predicted to be of the order of 10 MW in the micropulses. It will be possible to operate
the Cerenkov free-electron laser synchronously with the conventional free-electron laser for pump-
probe experiments.

For some experiments, in time-resolved spectroscopy, for instance, it is useful to have
shorter macropulses, or even single micropulses. Short macropulses, of the order of 10-ns
duration, cun be achieved by cavity dumping using a laser-driven silicon output coupler in the
optical cavity of the free-electron laser.3 When the photoelectric injector or pulse chopper is used,
single micropulses can be obtained by switching out a single micropulse from the macropulse or by
cavity dumping.

Wavelengths shorter than the nominal 2-pum limit of the Sierra Laser Systems FEL 1 are
needed for experiments in materials physics, biophysics, and surgery. Wavelengths down to
about 1um, in the near infrared, may be obtained by lasing on the third harmonic of the free-
electron laser.d Shorter wavelengths, down to the ncar ultraviolet, may be obtained by
conventional nonlinear harmonic generation techniques.®

For applications in material physics, biopolymer dynamics, and molecular biology, it is
sometimes uscful to have micropulses shorter than the nominal 2 ps of the Sierra Laser Systems
FEL 1. Three techniques will be developed to provide pulses as short as a few optical cycles,
tunable throughout the infrared. In the first technique, the electron-beam energy will be chirped
within the micropulses to generate chirp in the laser micropulses. This chirp may be used in a
dispersive delay line (a grating pair) to compress the optical pulses to a few cycles.® In the second
technique, the synchrotron instabilities may be used at long wavelengths to compress the pulses
within the FEL itself. Finally, at short wavelengths, nonlinear optical fibers may be used to
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generate a wavelength chirp so the optical pulse may be compressed in a dispersive delay line, as is
done with conventional lasers.

2. SUPPORTING FACILITIES

The Center maintains additional core equipment and facilities intended to support the research
of both University researchers and those coming from outside of Vanderbilt. These include target
rooms and accommodations for both materials and biomedical research programs. The current
projects emphasize spectroscopic and laser pump-probe techniques for both fundamental and
applied studies of nonthermal energy absorption, localization, and dissipation. For this reason
additional apparatus will be available for two-beam experiments, including an ultraviolet
fluorometer, a nanosecond-picosecond Nd:YAG-pumped tunable dye laser with frequency
doubler, pulsed excimer and CO3 lasers, and VUV and microwave spectrometers. Other major
equipment items include a Raman spectrometer, mode-locked YAG laser, an argon laser, and an
FTIR spectrometer.

The facility has five target rooms and two animal operating rooms, one of which is
completely equipped for surgery. The surgical room has an articulated arm which allows for a
hand held optical-beam delivery system as well as a Zeiss operating microscope. Also provided
are an electronics shop, as well as a wet lab and tissue-culture lab equipped with biological and
fume hoods, incubators, microscopes, chromatographs, refrigerators, centrifuges, and so on.
Five laser target rooms are equipped with general-purpose utilities such as conditioned and isolated
power, deionized water, and computer interconnections.

3. ONGOING RESEARCH AT THE CENTER

The Center's users are expected to be a very diverse group. The Center grant funds several
interdisciplinary projects involving the Departments of Physics and Astronomy, Molecular
Biology, Otolaryngology, Pathology and Neurosurgery. The projects involve picosecond
spectroscopy of biopolymers, FEL-based studies of biomembrane dynamics and drug Interactions,
non-thermal and selective effects of FEL irradiation of tissue, and FEL applications in
neurosurgery. The projects have a common goal of understanding and applying nonthermal
mechanisms of radiation interacting with matter. To further assist the interdisciplinary nature of the
Center, it has been constructed within a hundred feet of medical, physics, chemistry, and
engineering facilities. In the following subsections, a brief description of several of the research
projects will be presented. As the Center is meant to be an international resource, inquiries from
scientists outside of Vanderbilt University are encouraged and should be sent to the Director of the
Center.

3.1. Vibrational relaxation dynamics in materials and biopolymers

The frequency range of the Vanderbilt FEL corresponds to vibrational modes in both
biopolymers and more conventional materials. The relaxation processes governing these
vibrational modes have been investigated in the past by choosing materials such that the vibrational
frequencies, at a given temperaiure, are coincident with the emission lines of conventional lasers’
In the past, this requirement has hindered experimental progress.8 The continuously tunable FEL
removes this requirement, granting the experimentalist new freedom in choosing systems for
investigation.

Using the Vanderbilt FEL, we plan to investigatc both intermolecular and intramolecular
energy transfer processes of vibrationally excited molecules. Small molecules can be introduced as
defects in alkali halide hosts, larger molecular defects can be introduced in rare gas matrices, and
biopolymers can be isolated in water/glyccrol glasses and in dchydrated films. The Vanderbilt FEL
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will be used to vibrationally excite the molecule of interest to a nonequilibrium energy distribution.
Intramolecular relaxation to other internal modes of the molecule and intermolecular relaxation to
phonon modes of the surrounding material will be monitored using conventional spectroscopic
techniques such as Fourier transform infrared and laser-Raman spectroscopies.

With regards to materials science, these studies will improve our understanding of defects in
insulators and semiconductor compounds with the aim of extending the lifetimes of semiconductor
devices. With regards to biopolymer physics, these studies address the role of vibrational modes
in the energetics of nucleic acid-protein interactions. With regards to clinical applications, a
number of groups, including the Vanderbilt FEL group, are developing laser protocols that target
radiation to selected degrees of freedom in biologic tissue?: progress in this clinical research
requires experimental determination of mode lifetimes and relaxation rates.

3.2. Selective resonant bond-breaking

Recent evidence!®:!1 has shown that it is possible to selectively break specific chemical
bonds within a molecule by choosing the correct photon energy. This has obvious application in
chemical engineering for the production of novel molecules. The technique could also result in a
gigantic step forward in the medical use of lasers. When conventional fixed-energy lasers are used
to cut, burn, or ablate. tissue, the laser is simply being used as a convenient tool for delivering
power in the form of thermal energy. Selective resonant bond-breaking would allow selective
modifications on the molecular level resulting in selective dysfunction without undesirable side
effects on the cellular and tissue levels.

Previous photon selectivity experiments have been conducted using conventional lasers and
tunable synchrotron radiation (in the vacuum ultraviolet regime). The Vanderbilt FEL will extend
the energy range of the experiments into the mid- to near -infrared, visible, and ultraviolet regimes.
The research will initially focus on the fundamental dynamics of photon-matter interactions for a
variety of model insulator and metal oxide materials, and later with large organic molecules such as
DNA. The emphasis will be on the ways in which the energy deposited by the incident photons
leads to selective, resonant bond-breaking on surfaces and in the near-surface layers of bulk
material. The photon-induced bond-breaking and chemical alterations will be measured by
monitoring desorption products, fluorescence, and by using chemical assays. Already, the first
resonant photon-energy dependent and temperature-dependent yields of desorbed neutral hydrogen
atoms from a surface have been measured.!! In these experiments, incident photons are observed
to resonantly and selectively stimulate desorption by a direct, Franck-Condon excitation in the
surface alkali hydride to a neutral, antibonding state. Eventually, the measurements will also be
extended to layered and bulk systems.

3.3. Intensity-dependent laser-induced emission

The Vanderbilt FEL will be used to extend preliminary research,12 conducted at the Free
University in Berlin, on laser-stimulated emission of electrons, photons, ions, and neutrals from
insulators, metal-oxides, and complex organic molecules around the intensity-dependent plasma
breakdown threshold. Time-of-flight and mass-spectrographic techniques will be used. In
particular, laser-induced desorption from large-band-gap materials is a subject of considerable
current interest. The scientific isst s in this area involve questions of temporal and spatial
localization, energy channeling, the role of surface and bulk defects,!3 and ultimately the
dete-mination of the actual electronic mechanism of single- and multiple-photon-induced
desorption. The initial experiments have shown that with increasing intensity, there is a smooth
transition from individual particle desorption to massive emission. By using the FEL, the previous
experiments can be extended because of the availability of variable wavelength and pulse structure,
as well as two-color pump-probe techniques.
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3.4. Surface photovoltage effects

The discovery that many photoemission data on the temperature dependence of the Schottky
barrier formation have been critically atfected by surface photovoltage effects! has created a burst
of interest in the subject. Surface photovoltage appears when the photoinjected density of states
becomes sufficiently large. Thus, the intense radiation that can be provided by the Vanderbilt FEL
will be of crucial importance to the experiment. The FEL-induced surface photovoltage will be
measured by looking at the energy shifts of photoelectrons (frequency multiplication and higher-
harmonic operation allow the FEL to be used for photoemission). The results will be correlated to
conventional Kelvin-probe studies induced by a non-FEL source. The parallel use of these two
approaches is dictated by prudence, since the complexity of the phenomenon can produce
misleading results with a single approach. The experiments will also take advantage of the FEL's
pulsed time-structure. A calibrated retardation between the primary pulse and the (weak) high-
energy pulse used to extract the photoelectrons will enable us to follow the time dependence of the
effect.

3.5. Resonant two-beam photoemission

The Vanderbilt FEL will also be used in cutting-edge experiments on the electronic structure
of semiconductor surfaces, metal-semiconductor interfaces, and semiconductor heterojunction
interfaces. The normally unoccupied states near the conduction band minimum are of critical
importance for technological applications. These stutes, however, cannot be studied by ordinary
photoemission. Inverse photoemission can be applied. but its energy resolution is much worse.

Recently, a two-photon beam technique has been developed which, in essence, extends the
range of applicability of photoemission experiments.!5:16 It is possible to tune the intense
radiation from the Vanderbilt FEL to induce €'ectron transitions from the valence band into a
normally unoccupied state in the semiconductor gap or near the conduction band minimum. A
second high energy pulse then induces photoemission from the normally unoccupied state.
Because the electrons rapidly decay back into the valence band, the high energy pulse must be
temporally correlated with the optical pumping pulse. The FEL can produce such a temporally
correlated high energy pulse using frequency multiplication. Thus, by scanning the optical
pumping energy, photoemission techniques can be extended to the normally unoccupied states in
the band gap and near the conduction band minimum. One difficulty is that correlation effects
become more complex (two holes are created rather than the single e-h pair created in conventional
photoemission). Thus, it is admitted that new theoretical ground will have to be broken in order to
fully interpret the results of the experiments. This, however, is also part of the intrigue of the
technique.
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Table I: Parameters of the Vanderbilt Free Electron Laser

Nominal Measured
Accelerator
Electron energy 20-45 MeV 36-43 MeV
Micropulse peak current 2040 A
Macropulse average current 200 mA 250 mA
Energy spread 0.5% 0.5%
Normalized emittance 4nx10n mm-mrad
Wiggler
Wiggler length 108 cm 108 cm
Wiggler period 23 cm 23 cm
Maximum wiggler field (rms) 047T 0.44T
Laser
Wavelength 2-10 um 2.7-49 um
Micropulse duration 0.5-3 ps
Micropulse repetition rate 2.9 GHz 2.9 Ghz
Macropulse duration 0.5-6 us 6 Uus
Macropulse energy 100 mJ 360 mJ
Macropulse repetition rate 0-60 Hz 1-30 Hz
Overall average power 0-6 W 0-11'W
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VANDERBILT UNIVERSITY FEL CENTER FOR BIOMEDICAL AND MATERIALS RESEARCH *

G.S. EDWARDS and N.H. TOLK

Department of Phvsies and Astronomy, Vanderbdr Unmcersaty, Nashedle, Tennevsee 37235 U84

1. Introduction

In February of 1987 Vanderbilt University was
awarded a contract from the Office of Naval Research
to establish an FEL Center for biomedical and maten-
als research. The Center facilitates research in FEL
applications and continues the longstanding tradition of
interdisciplinary science at Vanderbilt. The project team
includes faculty from the College of Arts and Sciences,
the School of Medicine. and the School of Engineering
unified by an underlving scientific theme of the role of
nonthermal processes in physical and biological materi-
als. The Center will be centrally located as the Univer-
ity 1s constructing a building to house the FEL within a
hundred feet of medical. physics. chemistry. and en-
gineering facihties.

The Center grant provides funds for the free electron
laser. for additional equipment. and to seed five re-
search projects based on the unique spectral properties
of the FEL. In the following we will present the operat-
ing parameters for the Vanderbilt FEL. dexcribe the
Center in greater detail. and outline the research pro-
jects, Applications as represented in several of the re-
search projects will be presented: however. due to the
brief nature of this article the interested reader is di-
rected to additional accounts for a more complete de-
seription [1-3]

2. Vanderbilt FEL

The scientists at Vanderbilt are fundamentally a
community  of machine users rather than machine
builders. As such our demands on the FEL are some-
what different from those laboratories which are specifi-
cally concerned with FEL technology development. In
particular. the Vanderbilt FEL needs to be highly
versatile with regards to optical output. The scientific
program proposed by Vanderbilt to the ONR requires
an FEL with a combination of ultrashort micropulses,
high average and high peak powers. and tunability from

* This project s supported by the Office of Naval Research
under Contract no. NOOX4-87-C-0146.

0168-9002 /88 /503.50 . Elsevier Science Publishers B.V.

{North-Holland Physics Publishing Division)

Table 1
Design parameters of the Vanderbilt FEL

Wavelength Technigue Energy per pulse
[em] for 6U Hz
operation [ml]

0.25- 050 Hurmonic generation Unknown
0.50- 1.00 Harmonic generation 75
10 - 20 Harmonic generation 300
20 - 40 Direct FEL-1 hght 350
4 -0 Direct FEL-1 light 300

the ultraviolet to the mid-infrared region of the spec-
trum. In the future the operating capabilities of the FEL
will be extended to the far-infrared and vacuum ultra-
violet and a flexible pulse structure (macropulse length
and interpulse spacing for both macro- and micro-
pulses) will be developed.

The Vanderbilt FEL is scheduled to operate prior to
February 1. 1990. The design parameters for optical
output are presented in table 1.

3. The Center

The FEL represents a major rescarch initative of the
College of Arts and Sciences. the School of Medicine,
and the School of Engineering. In addition to the origi-
nal project team. the Vanderbilt FEL community stead-
ily grows as further applications are developed by the
faculty. Furthermore. it is fully anucipated that as the
facthty develops it will serve as a regional. national. and
even international resource for biomedical and materials
research and there will be non-Vanderbilt users whose
research programs will be carried out at the Center.

The design parameters for the FEL have been ad-
dressed in the previous section. As a users facility,
however, the Vanderbilt Center must support more than
Just the FEL instrument and thus maintains additional
core equipment, target rooms, and accommodations for
both muaterials and biomedical research programs. The
current  projects emphasize spectroscopic and  laser
pump-probe techniques for both fundamental and ap-
phed studies of nonthermal energy absorption. localiza-

I{a). FEL PROJECT REVIEWS
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tvon, and disstpanion. For this reason addinonal ap-
paratus will be available for two-beam experiments,
This core equipment includes an ultraviolet fluorometer.
a4 nanosecond -picosecond . Nd:YAG-pumped  tunable
dyve laser with frequency doubler. o pulsed exaimer and
CO: lasers. and VUV and microwave spectrometers,

The facihity has six target rooms, ene of which will
be completely equipped for surgerv. Space 1 provided
for a tissue culture laboratory. a laboratory for molecu-
lar brology. a machine shop. an electronics shop. and a
sample preparation area for matenials science. In ad-
dition. there is a suite of rooms for surgical support and
control rooms for the FEL. The FEL instrument will he
located one level below in a shielded vault

4. Applications

The Center grant funds five interdisciplinary projects
mvolving faculty from the Departments of Physics and
Astronomy.  Molecular  Biologyv., Mechanical and
Matenals Engineering. Otolarvngology. Pathology. and
Neurosurgery. The projects are entitled Mechanisms of
Photon-Induced Damage in Optical Matenals, Picosec-
ond Spectroscopy of Biopolvmers. FEL Based Studies
of Biomembrane Dynamics and Drug Interactions.
Non-thermal and Selective Effects of FEL Irradiation
of Tissue. and FEL Applications in Neurosurgery. The
projects have a common goal of understanding and
applying nonthermal mechanisms of radiation inter-
acting with matter. To this end research will be con-
ducted using existing sources, including FELs at other
sites, until the Vanderbilt FEL is operational.

This concludes the general description of  the
Vanderbtlt FEL program. At this point the discussion
turns to a more detailed presentation emphasizing a
biomedical application.

5. Selective interaction of radiation with tissue

There are several projects in the FEL program that
share a common theme of understanding and effecting
nonthermal and selective interaction of radiation with
biopolymers and tissue. The projects represent research
in three different areas of science: the chnical, bio-
chemical. and biophysical areas or levels. This approach
has the advantage that progress at any one level will
provide the clues to further the other two levels of
rescarch.

For comparison purposes consider the vaporization
of tissue caused by laser irradiavon. It is known that
tissue exposed to different irradiation paradigms can
respond in markedly different ways, For some para-
digms there 1s vaporization of exposed tissue and ad-
ditional thermal damage to tissue lateral to the exposed

teznen. For other exposere paradigms the tssue s
“etched™ by Laser irradiation of specific pulse structure.
frequency. and mtensity. The later is an example of
spatial selectivity and s clearly of clinmcal use. In ad-
diton, deternimimg the underlving mechanism is phyva-
callv anteresting and  these phenomena are being in-
vestigated at Vanderbalt, However, such @ study 15 not
unigue to Vanderbiit and will not be discussed further
in this presentation. ‘The program o be discussed in-
volves another tvpe of selectivity.

As @ second point for comparison consider the label-
ling of tissue with chromophores that. for example.
spedifically bind 1o membrane receptors. Such chromao-
phores can act as electromagnete targets. Thus energy
can be coupled to a limited number of the degrees of
freedom of the svstem and selectively disrupt tissue.
This second example is more relevant 1o the Vanderbilt
project. The distinction 15 that instead of attaching
chromophores onto or inserting chromophores into cells
we will take advantage of natural “chromophores™ that
are indicative of discased tissue.

The general approach is described in the following.
Discased tissue will be adentified in the chimic and
presented to brologists for analvsis. This analvsis will
wdentify umque characteristics, such as excessive chem-
ical or biopolymer content. of the diseased tissue rela-
tive to the surrounding healthy tissue. These characteris-
tics represent possible avenues for depositing radiation
into diseased tissue with relatively little absorption by
healthy tissue. Biophysical consideration will associate
mechanisms for coupling radiation through these selec-
tive avenues and suggests exposure paradigms that target
radiation 1nto selected uissue. The protocols will be
ivestigated at the biological and clinical levels and
successive refinement will result from the interplay of
research in the three fevels.

At this point the three levels of research will be
addressed with added emphusis on the biophysical level.
As examples of the interplay of the three levels consider
first precancerous tissue and then scar tissue. Precancer-
OUS USsUC ¢an present an excessive amount of calaium
refative to healthy tssue and scar tssue contains a large
amount of collagen. Spectroscopic studies have demon-
strated that clusters of calcium stronghy absorb infrared
radiation and the biopolvmer collagen has manv ergen-
modes 1 the spectral regron extending from the far-in-
frared through the visible. These resonant mechanisms
present avenues for the deposition of energy into dis-
eascd ussue and are currently under investigation. How-
ever. tissue is charactenzed by significant water content
resulting in nonselective background absorption: this
comphication 1x the next subject of discussion.

It 1y clear that there are thermal and nonthermal
mechanisms that result in the absorption of energy by
tissue. In order to achieve selecuve disruption of dis-
cased tissue the nonthermal mechanisms need to be
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optinmized relative to the thermal or nonselective mecha-
nisms. Consider a train of pulsed radiation coupling to
tissue. During a pulse energy will be absorbed by both
selective and nonselective mechanisms. Between pulses
the energy will be dissipated to surrounding tissue with
a certain rate of dissipation for each mechanism. Ab-
sorption mechanisms that have relatively long relaxa-
tion times are candidates for mechanisms that optimize
selective relative to nonselective deposition of energy
into tissue. In other words. such mechanisms suggest
exposure paradigms that optimize the targeting of radia-
tion to diseased tissue.

As an example of mechanisms for selecuve coupling
of radiation to biopolymers, a sigmificant component of
tissue. consider the resonant modes of DNA. Micro-
wave and far-infrared expertments indicate minimum
lifetimes on the order of hundreds of picoseconds [4.5].
A theoretical consideration. however, suggests that the
natural lifetime may be several orders of magnitude
longer [6]. Experiments are in preparation to determine
the natural lifetimes of these modes using pulsed radia-
tion from an FEL tuned to the appropriate eigenfre-
quencies. To a certain extent the dynumics of DNA
generalize 1o other biopolymers, e.g. collagen or myosin,
and therefore biopolymers are the principle candidates
for possible targets to effect selective laser-tissue inter-
action.

6. Concluding remarks

The Vanderbilt University  Free Electron Laser
Center for Biomedical and Matenals Research is a users
facility that is developing into a regional. national. and
international resource. The Vanderbilt FEL will provide
continuously tunable. pulsed radiation from the UV to
the IR and will serve as a radiation source for frontier
experiments 1in FEL applications in matenals and bio-
medical sciences. This program carries on the strong
tradition of nterdisciplinary cooperation at the Univer-
sity and s characterized by the common goals of both
understanding nonthermal mechanisms in nature and
developing their biomedical and matenals applications.
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Vanderbilt Universiiy Froe-Flectron Laser Project
for Biomedical and Materials Research
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October, 1987 - December, 1990

The Vanderbilt University Medical Free-Electron Laser Program

C. A. Brau
Vanderbilt University, Nashville, TN

The Vanderbilt University MFEL program comprises a broad variety
of activities ranging from fundamental science to clinical applications.
The activities span six departments in three schools of the University,
including the Departments of Physics, Molecular Biology, Materials
Science, Otolaryngology, Radiology, and Neurosurgery. The compact
arrangement of the campus and the anticipation of working together in a
single facility have made it possible to establish unique collaborations
on innovative experiments.

To support these activities, the University has constructed a $2.6
million, state-of-the-art laboratory building adjacent to the Medical
School, the Physics Department and the Engineering School. A FEL is
under construction by Sierra Laser Systems, to produce tunable, high-
peak-power, pulsed radiation in the wavelength region from 2 to 10
microns. Construction of the free-electron laser is on schedule, and
the machine should be in full operation in the Spring of 1990.
Approximately 600 square meters of laboratory space is available on the
floor above the vault, including two animal operating rooms. This space
is now in use for experiments with conventional lasers, in prepararion
for the availability of the FEL.

At the present time, the laser applications projects underway
include seven separate, but related efforts:

(1) Surface physics: Laser-induced desorption and selective
molecular bond-breaking on surfaces, which are important processes in
laser-induced damage to optical materials as well as in the nonthermal
interaction of lasers with biological materials.

(2) Materials science: Mechanisms of infrared laser-induced damage
in glasses and optical fibers, which are of importance to the
application of FELs and other infrared lasers in medicine and other
fields.

(3) Biophysics: Nonlinear spectroscopy of large biomolecules such
as DNA, which is important for biological processes such as the
localized melting of DNA during transcription.

(4) Molecular biology: Dynamics of membranes, especially ion
transport mechanisms such as the calcium pump protien.

(5) Wound healing: Nonlinear interactions of lasers with tissue,
with the objective of understanding the selective, nonthermal effects of
short-pulse laser radiation on collagen formation, fibroplast
proliferation, and so on.

(6) Neurosurgery: Fundamental studies of the nonlinear interaction
of laser radiation with brain tissue, as well as the development of
stereotactic imaging for neurosurgical procedures.

(7) X-Ray imaging: Generation and application of monochromatic X-
Rays in the region from 5 to 20 kV formed by Compton-backscattering
infrared radiation off the electron beam from the FEL.
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Productian of Near Monochromatic X-rays by
The Vanderbilt Medical Free Electron laser
Frank Carroll, M.D.

Varderbilt University Medical Center
Nashville, Tennessee

The creation of a powerful, tuneable, monochromatic X-ray source
would herald a new and exceptiocnally diverse generation of diagnostic
medical and material imaging modalities.

The production of 2 micron photons within the Vanderbilt Free
Electron lLaser by an electron beam of high quality and high peak current,
offers an opportunity to use the residual electron beam that is normally
"discarded" from the FEL and make it collide with its own generated
photons to create tuneable, nearly monochromatic X-rays by Compton
backscatter.

Once the electron beam has exited the FEL, it will be transported
using bending and focusing magnets to an interaction zone whose axis is
aligned with a 12" PVC beam pipe which penetrates the MFEL building
structure from the FEL vault to a shirtsleeves environment target room
situated on the upper floor of the facility. The electrons will interact
with the extremely intense photon flux of the FEL and other conventional
lasers. Compton backscattering will generate a cone of intense narrow
bandwidth X-rays which will be transported via the PVC beam pipe to a
tissue or material sample in the target rocm.

Monte Carlo algorithms have been used to model the energy and angles
of the X-ray beams that will be produced. The initial configuration of
this device will generate photons up to 17.9 Kev, although higher energies
are easily obtainable through the use of frequency doubling techniques,
alterations of electron beam energy, and the utilization of various
conventional lasers as well. The photon flux will be sufficient to allow
us to perform in vivo and in vitro trace element analysis, near-
monochromatic radiography and three-dimensicnal imaging in a fashion never
before possible.

The initial X-ray experiments will include analysis of excised
tissues, followed by attempts to detect malignant breast lesions implanted
in nude mice. Initial proofs are to be followed by application of this
new high contrast/low dose imaging modality to detection, analysis and
treatment of breast lesions in humans. -

This work has been supported in part by a Grant from the Eastman Kodak
Corporation Health Sciences Division.




) <o

THE FREE ELECTRON LASER:
A PHOTON FACTORY FOR SCIENCE AND MEDICINE

RICHARD F. HAGLUND, Jr.
Department of Physics and Astronomy and
Free-Electron Laser Project in Biomedical and Materials Research
Vanderbilt University, Nashville, TN 37235

The free-electron laser (FEL) is a new kind of coherent light source based on a marriage of
laser and high-energy accelerator technology. Vanderbilt's recently-funded FEL Project in
Biomedical and Materials Research is an interdisciplinary collaboration between the Schools of
Medicine and Engineering and the College of Arts and Science, whose goal is to bring together
researchers both from Vanderbilt and other institutions who are interested in studying the electronic
interactions of FEL photons with everything from atoms and molecules on surfaces to living

tissue.

In this tutorial talk, I shall describe the basic operating principles of free-electron lasers in a
qualitative way; summarize the program goals for our FEL project, including collaborative efforts
with "outside” users; and finally consider three applications in which Vanderbilt researchcrs expect
to use FEL photons in ways not possible with conventional lasers: studies of laser-induced surface
physics and chemistry, especially in beam delivery systems for high-power ultra-short pulse
infrared lasers; excitation of the normal modes of DNA and other biologically important
macromolecules to study drug action, cross-linking and metabolism; and use of non-thermal
laser-tissue interactions to reduce scarring and tissue damage in arthroscopic and other kinds of

laser surgery.
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New Mechanism for Electron-Stimulated Desorption of Nonthermal Halogen Atoms /] A

from Alkali-Halide Surfaces

M. Szymonski, J. Kolodziej, P. Czuba, P. Piatkowski, and A. Poradzisz
Institute of Physics. Jagellonian University, ul. Reymonta 4, 30-059 Krakow, Poland

N. H. Tolk
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J. Fine

Surface Science Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899
(Received 22 March 1991)

Fully angular-resolved kinetic-cnergy distributions of alkali and halogen atoms emitted due to
electron-stimulated desorption have been measured for (100) and (110) alkali-halide surfaces. An unex-
pected strong directional emission of nonthermal halogen atoms along the {(100) axis of the investigated
crystals has been found which is in contradiction to the predictions of the previously proposed *“Pooley
modcl.” We propose a new model involving diffusion of hot holes to the surface, and sudden localization

of the excited hole at the surface of the crystal.

PACS numbers: 79.20.Kz, 71.35.+2, 78.55.Fv, 82.65.My

Since the early work of Townsend and Kelly [1] and
Imberg and Rhodin [2], it is known that ¢lectron irra-
aition of alkali-halide surfaces results in the efficient
sorption of alkali and halogen atoms. Several attempts
ve been made to construct a model of electron-stim-
ited desorption (ESD) in alkali halides [3-8]. In par-
ular, the “Pooley model” has been applied as an ex-
ination of ESD from alkali halides by Townsend [3,6).
ie main idea of this model is that nonradiative decay of
: bulk self-trapped exciton followed by a focused re-
wement sequence along the closely packed (110} chains
the halogen atoms is responsible for halogen desorp-
n. Thus, this bulk-exciton model predicts strong direc-
nal emission of halogen atoms along the {110 direc-
ns of the crystal. Despite a rather wide acceptance of
: Pooley model, we believed that a comprehensive ex-
rimental test of its predictions had not yet been per-
‘med. Early attempts to measure angular dependence
emitted species were done by means of a collector
:thod [3,6,9). Unfortunately this technique does not
wvide any information about either mass or charge of
: different desorbing species that arrive al the collected
posit and stick with various probabilities. In addition,
iputtering of the collector deposit by reflected primary
ictrons, strongly focused along surface crystallographic
‘ecuons [10], is likely to influence such results.

The first time-of-flight measurements for ESD of alkali
lides were performed by Overeijnder et al. [11] fo-
mpressed powder samples. The only published energy
itributions for halogen atoms desorbed from single-
ystal material were obtained by Postawa and co-
wkers {12,13). In the work we report here, for the first
ne a direct corrclation has been measured among the
‘ection of ejection, the mass nd translational energy of
fesorbed particle, and the crystallographic structure of
well-characterized insulator surface. In particular, we

present a direct comparison between angle-resolved cner-
gy spectra of bromine atoms taken for (100) and (110)
surfaces of KBr. The data demonstrate that independent
of the surface orientation the directional ejection of non-
thermal halogen atoms takes place along the (100) axis of
the bombarded crystals rather than along the (110} direc-
tion as predicted by the Pooley model. Our data strongly
indicate the need for a new theoretical approach to ex-
plain the ESD of alkali halides.

The time-of-flight spectrometer used in these experi-
ments was described previously {13,14]. The basc pres-
sure in the system was 5% 1077 Pa. A 0.7-keV electron
gun supplying a beam of 5-10 yA onto a spot of 3-4 mm
was mounted on the same manipulator as the sample
holder. Thus, variation of the observation angle during
the angular distribution measurements could be achicved
with a fixed bombardment angle (45° with respect to the
surface normal). In addition, the manipulator allowed in-
dependent rotation of the sample in the horizontal plane,
so that the angular scans could be made in various, arbi-
trarily chosen planes of the crystal. Neutral particles
leaving the sample within a solid angle of 1.4x10 ™% sr
were ionized in an electron-impact ionizer and mass
selected in a quadrupole mass spectrometer. Time-of-
flight distributions were measured with a correlation
technique {15]).

The samples were high-purity (100) and (110) single
crystals of KBr and a (100) crystal of KCl, clcaned by
heating to 700 K in vacuum for several hours. This pro-
cedure is shown to produce well-ordered, single-crystal
surfaces of alkali halides as examined by LEED and
Auger-electron spectroscopy [10,16). The composition of
the electron-bombarded surfiace was monitored in this ex-
periment by meuans of Auger-clectron spectroscopy. We
found using this ‘echnique that the surface composition
for KC! and KBr remained stoichiometric for tempera-

106 © 1991 The American Physical Socicty
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tures above 90°C. Consequently, all experimental data
were taken above this temperature.

Time-of-flight spectra of Br atoms desorbed from a
{100) surface of a KBr erystal for several observation an-
gles are shown in Fig. 1(a). The scans were taken in the
(010) plane of the crystal. The spectra were normalized
so that the total area under each time-of-flight distribu-
tion corresponds to the respective daty point of the mea-
sured angular dependence of the total Br yield. Two ve-
locity distributions can be distinguished in the time-of-
flight spectra in the range of observation angles measured
from 0° to 45°. The broad peak with a maximum at |
ms may be attributed to a Maxwellian distribution of
thermal atoms, while the second, sharp peak with a max-
imum at 0.4 ms and a sharp cutof! below 0.2 ms (1.2 ¢V),
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FIG. 1. Time-of-flight spectra of Br atoms desorbed from a
KBr crystal at 140°C. The distributions were normalized so
that the total area under each distribution corresponds to the
respective data point of the measured ungular dependence of
the total Br yield. The solid lines represent best fits of the su-
perposition of a Maxwellian distribution with temperature T
=140°C und an arbitrarily chosen Gaussian function. For
better visual presentation the time-of-flight distributions were
not corrected for varying ionization efficiency of our clectron-
impact ionizer which is inversely proportional to the velocity of
the detected atoms.  (a) Distributions measured for four
dilferent observation angles in the (010) planc of the (100) KBr
crystal. (b) Distributions meusured for four different ohserva-
tion angles in the (001) plane of the (110) KBr crystal.

corresponds to a faster, nonthermal distribution of Br
atoms.

Angular-dependent measurements of the thermal and
nonthermal distributions show that they have murkediy
different angular distributions. The thermal particles can
be described by a cosinelike function characteristic of iso-
tropic emission; in contrast, the nonthermal bromine
atoms have a strikingly more peaked angular dependence
as shown in Fig. 2(a). From the above unalvsis. it is
clear that desorption of nonthermal halogen atoms from
a KBr (100) sample is sirongly directed along the (100}
axis of the crystal.

Our time-of-flight measurements indicate that for tar-

(@)

700 eV electrons
. 500 on ( 100) KBr
Z
[~
& 400
£
2z
[
& 3 300
" o
Es
5 . 2004
£
(=]
(=]
[~ 100 o
D 1 T T T LS T v T "
100 -80 -60 -40 -20 O 20 45 63 80 120
observation angle (8 ) [ deg ]
(b) w0
700 eV electrons
) on (110) KBr
= .
= 300 . s
e . ® °
2
€ £ 1
e
: a2
= 200 A
R
E
[ S pp—
%
£
g 100 - N .o
« .
[ ]
[ ]
L4 L )
O T T L T T T T T
106 -80 60 -40 .20 0 20 40 6N 8o I

observation angle (8) [deg]

FIG. 2. Angulur distributions of the nonthermal Br atoms
desorbed from a KBr crystal at 140°C. The data points were
obtained by subtracting the cosine angular distribution observed
for thermal hualogen atoms from the experimentally measured
dependence for total Broantensity. The sohd curves are drawn 1o
guide the eye. (a) The distribution measured in a (010) plane
of the (100) KBr crystal (b)) The distnibution measured oo
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get temperatures below 100°C, practically only non-
thermal Br atoms are emitted along the (100} axis as
shown in Fig. 3. The time-of-flight distribution of the
nonthermal Br atoms is found to be very narrow (half-
width of 0.12 ms); its position and width were observed to
be independent of temperature. I the nonthermal atoms
would originate in the bulk of the sample, subsequent
energy-loss processes, for example, phonon decay occur-
ring during transport to the surface, would result in
broadening of the low-velocity side of the time-of-flight
spectrum. Such broadening is definitely not observed and
this would indicate that the nonthermal halogen atoms
are emitted from the surface.

The time-of-flight distributions measured for a (100)
surface of KCI show the saume behavior as the ones de-
scribed for KBr. The ratio of nonthermal-to-thermal
halogen yield for KCl, however, for the same observation
angle and target temperature, is smaller than that for
KBr. For example, at ©=0° and T=140°C, this ratio
equals 0.29 for KC1 and 1.88 for KBr.

In order to learn more about the nature of the direc-
tional emission of nonthermal halogen atoms, we mea-
sured the angle-resolved time-of-flight spectra for a spe-
cially polished (110) surface of KBr. In this case the
{100’ axis forms an angle of *45° with the surface nor-
mal in the (001) plane. The time-of-flight spectra for
this case are shown in Fig. 1(b). The angular distribution
of the nonthermal Br signal, taken in this plane, is shown
in Fig. 2(b). In contrast to the distribution from Fig.
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2(a), two peaks are seen, centered at +45° and —45°
with respect to the surface normal. It has been found,
however, that the cosine distribution with respect to the
surface normal for the (110) surface still describes the
thermal emission of Br atoms and the total emission of K
atoms at all temperatures. Thus, indeed only the non-
thermal Br atoms are ejected directionally within the nar-
row cone around the (1000 axis of the crystal which, in
this case, does not coincide with a surface normal.

As we have mentioned above, the Pooley model of LSD
of alkali halides predicts that a (110} direction of the
crystal li.e.,, ©@= %45° for the (100) sample} should be
the preferred one for halogen emission. Our experimen-
tal results clearly contradict this expectation which was
based on bulk exciton decay. In order to exphiin vur re-
sults, we propose a new model which invokes a sudden lo-
calization of the excited (*hot™) hole at the surface of the
crystal. Recently, it became evident that hot holes in the
valence band and f{ree electrons are created with high
probability by ionizing radiation [8,17-20]. The initial
kinetic-energy distribution of hot holes could be described
by the valence-band density of states [18,21]. It follows
from the photoemission measurements that in KBr this
encrgy can be as high as 2.6 ¢V with the average value of
1.3 ¢V [22]. Furthermore, due to this high initial energy
acquired in primary excitation, hot holes can migrate
over considerable distances in alkali halides [17-20], thus
providing a necessary transport mechanism for the excita-
tion energy to go from the bulk to the surface. The excit-
ed halogen hole X* arriving nonadiabatically at the sur-
face would likely experience a repulsive potential due to
breaking of the bulk symmetry. Simple electrostatic con-
siderations for the ionic, NaCl-type surface indicate that
the repulsion would be directed preferentially along the
axis between a subsurface alkali ion (M *) and the sur-
face halogen site occupied by X* as seen in Fig. 4. Note
that the M *-X* axis coincides with the (100 dircction
for both (100) and (110) surfaces of the NaCl-type crys-
tals; this ejection direction is consistent with our angu-
lar-resolved measurements. An alternate possibility of
hot-hole localization at the surface would be via a halo-
gen molecular complex (X227)* (in analogy with the
bulk decay of a sclf-trapped exciton), but as pointed out
by Williams [8], it would more likely lead to the cjection
of a halogen negative ion X ~ along (110).

Although negative ions could not be measured with our
time-of-flight spectrometer, significant negative halogen
emission has been observed previously [1,9]. Since the
collector technique is not able to distinguish between
negative-ion and ncutral-atom emission, some of the
directional H10) and (211) spots observed by Townsend
et al [3] and by Schmid, Braunlich, and Rol [9], ascribed
so far to directional emission of ncutrals, could have been
due to the negative 1ons. Note that in the laser experi-
ment of Schmid, Braunlich, and Rol only the lowest exci-
ionie states could be excited with the available photon en-
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ergy and the central (100) spot was not observed. 1n our
experiment, however, as well as in the collector experi-
ment by Townsend et al. {31, the energy of primary elec-
trons used for desorption was sufficient to create highly
excited holes and indeed the central {100 emission was
observed.

In conclusion, we can distinguish the following steps in
the proposed model to explain ESD of nonthermal halo-
gen atoms: (a) creation of highly excited (hot) electron-
hole pairs within the penetration range of the primary
clectrons, (b) fast hot-hole diffusion to the surface within
a time range of picoseconds (the mean diffusion range is
comparable to the penetration depth of the primary elec-
trons), and (c) hot-hole localization at the surface result-
ing in directional emission of the nonthermal halogen
atoms due o its repulsive interaction with a subsurface
alkali ion along the (100) axis of the crystal.
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We report measurements of photon-stimulated desorption of excited atoms
from LiF and NaCl crystal surfaces. Based on these measurements, we
propose a new model of photon-initiated, defect-mediated desorption
involving exoergic surface reactions between alkali dimers and halogens.
This model consists of two steps: (a) reactants are formed at the surface,
directly or by the migration to the surface of holes and defects created in the
ncar surface bulk, due to uv photon bombardment, and (b) excited alkali
atoms are emitted following a reaction between the alkali and halogen surface

species.

PACS numbers: 82.65Yh, 79.60.-m, 78.60.Ps, 34.20.Mq

In this letter we present a new model for desorption of excited alkali atoms from

alkali halide crystal surfaces following photon bombardment. The mechanisms responsible




for the production of excited alkali atoms by photon-stimulated desorption (PSD) and
electron-stimulated desorption (ESD) have been the subjects of much controversy. Two
models have been invoked most often to account for the production of the excited atoms.
One model involves ion neutralization, and is analogous to the Knotek-Feibelman
mechanism for ion desorption.l:2 According tc this mechanism, the interatomic Auger
decay of a core hole results in the foﬁnation of two valence holes on a single surface anion
resulting in 1on desorption. Subsequent neutralization of the desorbing ion into an excited
state then accounts for the observed excited atom yield. The second model assumes that the
excited atoms are produced by secondary-electron excitation of desorbed ground state
atoms in the gas phase.3-6 Recent work’ shows that valence excitations alone can lead to
excited alkali atom desorption; thus core-hole creation, an essential component of the
Knotek-Feibelman mechanism, is not always required for the production of excited alkali
atoms. Previous work’-1! also shows that the excited alkali atom yield of PSD decreases
markedly with increasing temperature while both the total electron yield and ground state
alkali atom yield increase, in contradiction to the second model involving secondary
electron excitation. Thus, both models have been found to exhibit deficiencies when
applied to PSD.

The new mechanism we propuse is based on one or more exoergic surface reactions
between alkali dimers (M2) and halogens (X or X3). The most direct possible reaction!2-19
is My + X — M* + MX.20 This reaction was first suggested to explain the observation of
sodium D-lines when sodium vapor was mixed with chlorine, bromine, or iodine gas.!?
In general, the reaction occurs with most of the possible combinations of alkali vapors and
halogen gases. Subsequently this reaction was studied directly by molecular-beam
experiments!3-17 and its feasibility was demonstrated by semiempirical theoretical

calculations.!® The gas-phase reaction cross section for producing excited alkali atoms was




found by theoretical calculations!? and by crossed beam studies!3-17 to be very large, 10 -
100 A2. Figure 1, based on the calculations in Struve's paper,!8 depicts a section of the

energy surface of collinear NapCl. The reaction proceeds through a transition state in
‘ which an electron from the sodium dimer shifts to the chlorine atom positioning the excited
molecular complex, (Na-Na+Cl-)*, at a point on the potential energy surface
corresponding to neutral sodium in a lrepulsive state. The system may then evolve through
this position to form a free sodium atom in its first excited state and an ionically bonded
NaCl molecule. The available reaction energy is no greater than 3.50 £ 0.04 eV for
Naz+Cl and 3.30 £ 0.13 eV for Lip+F.2! This limitation rules out the population of those
higher excited states that decay in the visible, unless there is a contribution from reagent
collision energy. (Polanyi et al.16 found that, in molecular beam experiments, higher
excited states are populated for collision energies in the range 0.2 to 0.5 eV. The first
excited state, however, is always populated at least an order of magnitude more than the
higher excited states.)

The proposed model depends upon the presence of alkali dimers and halide atoms
on the surface. Itis well accepted that in PSD or ESD from alkali halide crystals at elevated
temperatures the majority desorbing species are ground state halogen atoms and alkali
atoms.2223 The desorption of these ground state halogen and alkali atoms is thought to be
mediated by self-trapped excitons created either on the surface or in the bulk.24-26 The
incident photon or electron creates one or more holes in occupied valence bands in the near
surface bulk. Energetic “hot” holes may migrate within a picosecond, some further into the
bulk and some to the surface, before coming to rest and forming self-trapped excitons.23
Self-trapped excitons in the bulk may then decay forming an F-center/H-center pair.25.26

Subsequent thermally assisted migration of the f{-center can produce temperature-




equilibrated halogen at the surface, some of which thermally desorbs leaving excess metal.
Nonthermal halogen emission may arise from the decay of surface self-trapped excitons
again resulting in excess metal.2’ Depending on the degree of metallization, which in turn
‘ depends on the irradiation history and temperature, the accumulated neutralized alkali atoms
may then form dimers, trimers, and larger clusters on the surface.28:29 At some
accumulated irradiation dosage, the 'numbcr of dimers should reach a maximum. Thus
during photon or electron bombardment of alkali halide crystals, defect mediated processes
create at the surface the necessary reactants for the postulated reaction.

The PSD experiments reported here were performed at the Synchrotron Radiation
Center of the University of Wisconsin with the Vanderbilt/SRC 6-meter toroidal-grating
monochromator, which provides photons in the energy range of 7 to 180 eV. Excited
atoms were detected by monitoring their characteristic optical emission above the surface
with a MacPherson 218 monochromator and an EMI S-20 photomultiplier tube. After
cleaving, the alkali halide single crystals were exposed to air for less than 30 minutes
before the chamber was evacuated. The crystals were then annealed six to eight hours at
350° C.

Shown in figures 2a and 2b are optical spectra of LiF and NaCl crystals under
photon bombardment. Sharp peaks superimposed on the continuous bulk luminescence
correspond to atomic transitions from the 2p to the 2s state for lithium atoms and the 3p to
the 3s state for sodium atoms, respectively. Transitions from higher excited states, such as
from the 3p to the 2s state for lithium atoms (323.3 nm) and from the 4p to the 3s state for
sodium (330.2 nm) are not seen in our spectra, but will he searched for in future
experiments. ‘The absence of the higher states is consistent with the prediction of our
surface-reaction model: the reaction energy available is not sufficient to populate higher
states provided the reactants on the surface have negligible collision energy.

Figure 3 shows the excited lithium atom yield plotted as a function of irradiation

time during 62.2 eV photon bombardment of LiF. The yield was normalized to the photon




flux. The dependence of the yield on the irradiation time, shown in Fig. 3, is consistent
with the hypothesis that the yield reflects the instantaneous alkali dimer concentration which
in turn depends largely on the degree of metallization of the surface. The nonzero yield at
the beginning of the measurement is due to the presence of metal on the surface, even for
the annealed samples.?8 Initially there are relatively few alkali dimers on the surface; thus
even though the halogen yield is largc': at this stage, the excited atom yield is small. As the
metallization increases, there is an optimum stage where many alkali dimers are present
while the halogen atom concentration remains large. At this stage the excited alkali atom
yield is at a maximum as indicated by the peak in figure 3. With further irradiation the yield
decreases because of a decrease in the concentration of dimers due to the formation of
larger clusters, and because the metal clusters block halogen atom desorption.

Figures 4a and 4b are plots of the yields of excited Li atoms from LiF and excited
Na atoms from NaCl, respectively, as functions of time, showing the effects of transient
halogen dosing during uv photon bombardment. To increase the yields, incident zero-
order light transmitted through an aluminum filter was used for both of these
measurements. Yields were normalized to photon flux. Chlorine gas was introduced into
the chamber for a period of 10 seconds resulting typically in an exposure of 86 Langmuirs
and causing large enhancements in the excited atom yield for both samples. These
observations are consistent with the hypothesis that the enhancements were due to the
increase of the concentration of chlorine atoms on the surface. We postulate that chlorine
molecules are dissociated on the surface, providing the required chlorine atoms. Note that
the enhancement in Li* yield in the LiF case is due to the action of the externally introduced
chlorine atoms in contrast to internally generated fluorine atoms. This is a strong evidence
that reactions occurring on the surface, as postulated, lead to the emission of the excited
metal atoms.

We postulate that our proposed mechanism is also a contributor to electron-

stimulated desorption of excited alkali atoms. Other likely contributors include excitation of




desorbed ground-state neutral alkalis by primary beam electrons* and also to some extent
by secondary electrons.3 In support of this postulate, for the case of LiF we have
previously measured the temperature-dependent yield of excited lithium atoms during
electron bombardment.? The yield was found to be appreciable at room temperature
(where desorption of thermal ground-state atoms is low) but increased by two orders of
magnitude with temperature up to 460° C (where radiation induced desorption of ground
state lithium atoms is increased by four orders of magnitude).? In contrast, the yield from
photon-stimulated desorption is also appreciable at room temperature but decreases
markedly with increasing temperature.’8 This indicates that (a) for PSD, there is little
contribution from gas-phase excitation by secondary electrons, and (b) for ESD at low
temperatures, where gas-phase excitation does not contribute because the desorption yield
of ground-state alkalis is low, our proposed mechanism is the principal contributor.

In conclusion, we suggest a new model for the production of excited alkali atoms
by PSD. This model is based on experimental measurements of photon-stimulated
desorption and the previously known gas-phase chemiluminescent reaction between alkali
dimers and halogen atoms. Radiation-induced metallization and halogen atom formation
provide the two necessary reactants for the surface reaction. The large enhancement of the
excited alkali atom yield due to chlorine dosing, the dependence of the yield on the
irradiation time, and the apparent absence of visible emission from other excited electronic
states are in strong support of the new model.

The authors wish to thank the staff at the University of Wisconsin's Synchrotron
Radiation Center for their excellent support and M. Riehl-Chudoba, T.A. Green, N. Itoh
and J. C. Tully for helpful discussions. This work was supported in part by the Air Force
Office of Scientific Research under contracts F49620-86-C-0125 and F49620-88-C-0080,
grant AFOSR-90-0030, and by the Office of Naval Research under contract N0G014-87-C-
0146.
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Figure Captions

Figure 1: A schematic representation of a section of the semiempirical energy surface for
the collinear Nag+Cl — Na*+NaCl reaction based on figure 1 of Struve's paper (ref. 18).
The vertical axis represents energy, the R} axis the distance between the two sodium
atoms, and the R axis the distance between a chlorine atom and the nearer sodium atom of

the dimer.

Figures 2a and 2b: Optical fluorescence spectra of LiF and NaCl crystals, respectively, due

to photon bombardment.

Figure 3: Effect of irradiation time on the yield of excited lithium atoms. The photon

energy was 62.2 eV and the yield is normalized to the Ni mesh current.

Figures 4a and 4b: Effect of chlorine gas dosing on the yields of excited alkali atoms from
LiF and NaCl crystals, respectively, under zero-order light bombardment. Dosings started

at Oth minute and lasted for 10 seconds.
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alkali-rich surfaces
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Exposure of alkali-halide crystal surfaces and alkali-metal surfaces to nitrogen- and carbon-containing gases is found to greatly
enhance electron- and photon-stimulated desorption (ESD, PSD) of excited CN. The obsesvations that the desorption yield of CN*
grows as a function of surface exposure to CO, and N, gases provide strong insight into the origin of the desorbed CN and the
desorption process itself. In addition, the data unambiguously show that pre-irradiation of the alkali-halide surface by electrons or
photons is required for this dose-dependent enhancement to occur. The rate of the growth is found to be correlated to the alkali
component of the alkali-halide substrate. On the basis of this work we present a new model to explain electronic desorption of
excited molecules from alkali-halide surfaces. The model invoives three processes: (1) pre-irradiation produces alkali metal-rich
surfaces via defect-mediated processes, (2) when the surface is exposed to CO, and N,, surface reactions generate CN molecules
bonded to the alkali-rich surface, and (3) electron or photon bombardment induces the desorption of excited CN molecules from
the surface by direct bondbreaking.

Atomic or molecular adsorbates on surfaces
may originate either by the migration of atoms,

1. Introduction

Bombardment of alkali-halide surfaces with
electrons and with UV synchrotron radiation pro-
duces optical emissions which arise from: (a) des-
orbed excited molecules and atoms, (b) excited
bulk-impurities, and/or (c) defect recombination
in the bulk material (bulk luminescence). Meas-
urements of these spectra permit one to deter-
mine final states of excited neutral desorbates, to
interrelate surface and bulk dynamical processes,
and thus to elucidate mechanisms responsible for
adsorption and desorption phenomena (1)].

! Present-address: Oak Ridge National Laboratory, MS-6142,
P.O. Box 2008 Oak Ridge, TN 378316142, USA.

molecules, or defects from inside the bulk to the
surface or by the adsorption of atoms or molecules
from external sources. We utilize the techniques
of electron- and photon-stimulated desorption to
help distinquish between these two sources of
adsorbates. For example, photon-stimulated des-
orption of H\Q] from alkali fluorides has been
found to be dependent on photon-activated mi-
gration of an intrinsic hydrogen impurity to the
surface [2]. For the case of ESD and PSD of Li
from LiF surfaces, F-center diffusion was identi-
fied as the means by which neutral lithium is
supplied to the surface [3). In contrast, some
desorption experiments require that the surface
be exposed to gaseous molecules, e.g., NO (4-7],

0039-6028 /91 /503.50 © 1991 - Elsevier Science Publishers B.V. All rights reserved
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CO (8], OH [9] and N, [10] desorption from metal
surfaces. We note also that ESD and PSD studies
are facilitated by knowledge of surface parent
molecules.

In a previous paper, we reported first meas-
urements of electron-stimulated desorption of ex-
cited CN from alkali halide surfaces [11]; however
we did not identify the origin of the atomic com-
ponents of the desorbed excited CN. As dis-
cussed above, it is conceivable that this desorbed
species may originate either from migration from
the bulk, or from surface dosing, or both. We are
aided in this study by the fact that bulk intrinsic
impurity CN~ centers have been observed from
measurements of CN~ fluorescence under ion
{12] electron and photon [13] bombardment of
alkali-halides. From this information one can
speculate that a possible source of surface CN
adsorbates is the diffusion of thcse CN™ impuri-
ties to the surface. However, when Nakagawa and
co-workers {14] monitored CN~ impurity growth
in the near-surface bulk of alkali-halide crystals
by observing UV fluorescence while exposing the
surfaces to gaseous CO, and N, under short-
wavelength synchrotron undulator light, they
showed that surface CN may also migrate into
the bulk. Although there may be some contribu-
tion from the bulk, our present work provides
direct evidence that the exposure of alkali-halide
surfaces to gaseous CO, and N, provides the
primary source of adsorbates required for elec-
tron- and photon-stimulated desorption of ex-
cited CN molecules. More specifically, exposure
to gaseous molecules followed by dissociation and
recombination increases the surface concentra-
tion of CN which acts as a source of CN * desorp-
tion.

Formation of adsorbates by the dissociation of
large molecules or by the recombination of two
individually bound atoms or molecules has been
investigated in thermal desorption, and reviewed
by Zacharias [16]. Mod! and co-worker {15] found
that NO observed in thermal desorption arises
from the decomposition of NO, on a Ge(l11l)
surface. On the another hand, H, formation was
found to be due to the recombination of atomic
hydrogen on a Cu(110) surface {17], and the source
of CO in thermal desorption to be the recombi-

nation of carbon and oxygen bound to a Pd(100)
surface [18]. The present work suggests that the
formation of adsorbates which participate in the
ESD and PSD of excited CN from alkali-halide
crystals and alkali metals proceeds by a reactive
mechanism involving both dissociation and re-
combination processes.

Incident electrons or photons may also stimu-
late surface processes (adsorption, dissociation,
recombination, and desorption) by creating bulk
and surface defects, changing surface stoichome-
try, modifying the surface structure, and breaking
bonds on the surface. Electron-stimulated ad-
sorption (ESA) [19], an enhancement of adsorp-
tion initiated by electron irradiation, can be an
important step in surface reactions. ESA and its
relation to surface reactions have been reviewed
by Pantano and Madey {20}. Photon-induced rup-
ture of bonds onm surfaces appears to play an
important role in photon-stimulated processes in-
volving adsorbates on surfaces. Unfortunately,
very little is as yet known, either experimentally
{21] or theoretically [22), about photodissociation
on solid surfaces. It is therefore of great interest
to investigate other radiation-altered surface pro-
cesses as well as stimulated desorption.

We report below new measurements which for
the first time link electron- and photon-stimu-
lated desorption (ESD and PSD) of excited CN
molecules from alkali-halide and alkali-metal sur-
faces to the exposure of these surfaces to gaseous
CO, and N,. The results show that the desorp-
tion yield grows as a function of the exposure of
these surfaces to the gaseous molecules, and that
the growth is strongly enhanced by pre-irradia-
tion of the alkali-halide surface. The data indi-
cate that incident electron and UV photon radia-
tion serve two important functions: (1) incident
radiation metallizes the alkali-halide surfaces
which significantly enhance the surface CN for-
mation process upon subsequent gas exposure,
and (2) incident rad:ation leads to direct scission
of the surface-CN bond. These measurements
give information on the dynamics of making and
breaking of bonds on surfaces and provide insight
into related technological applications such as
surface catalysis, erosion, surface damage, and
lithography.
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2. Experimental details

The experimental setup, shown in fig. 1, con-
sists of an ultrahigh vacuum (UHV) system, which
operates at a base pressure about 3 X 10~'° Torr.
The incident radiation was either electrons or
synchrotron radiation. The samples were alkali-
halide crystals and alkali metals which could be
heated or cooled.

Used was a low-energy, high-brightness elec-
tron gun consisting of a diode extraction source
and a three-element refocusing lens, similar to
the design of Stoffel and Johnson [23]. A heated
osmium-coated dispenser cathode emitted elec-
trons with an energy spread of 0.1 to 0.2 eV. The
electron beam energy was adjustable in the range
of 10 to 1000 eV, with electron current ranging
from 20 to 400 pwA. The beam diameter varied
from 1.5 to 5 mm.

The photon measurements were carried out at
the University of Wisconsin Synchrotron Radia-
tion Center (SRC) using the Vanderbilt/SRC
joint beamline. The beamline features a com-
puter controlled 6-meter toroidal grating mono-
chromator delivering dispersed light in the range
from 9 to 190 eV. A differential pumping station
is located between the beamline and the experi-
mental chamber resulting in a 5 orders of magni-
tude difference of pressures between the beam

Photon

92022900030 230302020

Chiller controller

Chilter |

line and the working chamber. At the plane of
the sample, the beam spot was 2.7 mm high by 7.4
mm wide. A 93% transparent nickel mesh was
mounted in the beamline and used to measure
the beam flux.

The alkali-halide crystals were purchased from
Harshaw. The crystals were cleaved in air,
mounted with their (100) surfaces facing the beam
and heated under UHV conditions for cleaning.
Alkali-metal surfaces were obtained by evapora-
tion from SAES alkali dosers onto a glass slide.
To obtain thick metal layers, we continued the
dosing until there was no optical transmission.
These evaporated surfaces are referred to here-
after as alkali-metal surfaces. The sample tem-
perature could be varied from 58 to 800 K. An
XYZ-adjustable closed-cycle helium cooler was
used for low-temperature experiments. A piece of
sapphire was mounted between the sample holder
and the cold finger, since sapphire has a high
heat conductivity at low temperatures (70 K), and
is thermally insulating at high temperatures
(> 300 K). A chromel-alumel thermocouple,
placed in thermal contact with the sample sur-
face, measured temperatures greateﬂhan room
temperature, and a chromel-gold thermocouple,
was used for temperatures lower than room tem-
perature. Dosing gases were admitted to the
chamber through two Varian leak valves allowing

Leak vaive

N
PMT
egun Stepper-motor
QMA controller controller Electronics controfier

l
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CAMAC
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Fig. 1. Experimental configuration used for the CN desorption experiments.
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the partial pressures of two gases to be controlled
in the range of 1.0 X 10~'% t0 1.0 X 10~ Torr.

Optical emissions from the samples due to
electron or photon bombardment were imaged
onto the entrance slit of a McPhereson 0.3-m
monochromater. A 1200 lines/mm grating (5000
A blaze) was used for ﬂuorcsccnce measurements
from 2000 to 8000 A; and a 2400 lines /mm
grating (3000 A blaze) was used to .neasure the
rotational distribution of the desorbed CN*
molecule. Photons were detected by a cooled
photomultiplier tube (PMT), operated in a
pulse-counting mode. Stepping motor grating
controls and photon counting scalers were inter-
faced through a CAMAC unit to an Apple Mac-
intosh computer. A quadrupole gas analyzer
(QMA) was used to detect residual gas, dosing
gas, and outgasing due to desorption.

3. Resuits

J.1. Optical emission due to electron and photon
bombardment

Bombardment of alkali-halide surfaces with
electron or synchrotron radiation produces opti-
cal emissions arising from defect recombination
in the bulk, from excited bulk-impurity molecuies,
and from desorbed excited molecules and atoms.
These three features are shown prominently in
fig. 2 which is a 2000-8000 A spectrum from KCl

4000
Q
Q
& .
> CN
8 2000 —
Z N
Q
v
w
8 b
3 BULK
o

2000 3500 5000 6500 8000

WAVELENGTH (A)
Fig. 2. Typical optical emission spectrum in the range 2000-
8000 A due to zero-order synchrotron light bombardment on
a single crystal KCl surface at room temperature. The surface
was exposed to gaseous CO, + N, (1:1)at 1.0x 107 Torr.

under synchrotron light bombardment at room
temperature.

The commuous fluorescence in the range of
3500 to 5500 A is luminescence accompanying
defect recombination [24). The nine bands be-
tween 2000 and 3500 A (observed here also in
second order) is due to optical emission from
excited CN~ impurities in the near-surface bulk
(25]. By noting the energy of the emitted photons,
we have determined that the observed CN~ ex-
cited state is at least 5.6 eV above the ground
state. If the CN~ molecules were in the gas
phase, this energy would be large enough to
reach the gas-phase ionization limit of 3.8 eV
[26]. Thus the gas-phase CN ™ excited state would
result in neutralization (CN + e) rather than de-
excitation by optical emission as observed. How-
ever in alkali-halide lattices, the ionization poten-
tial of CN ™ is raised to about 10 eV [27]. For this
case, the neutralization channel is not available,
Instead optical de-excitation provides a readily
available relaxation channel for excited CN~ im-
purities in bulk alkali halides in agreement with
experimental results.

. The narrow band feature at approximately 3870

A arises from excited CN desorbed from the KCl
surface. This feature was identified in ref. [11] as
the CN B23*— X?Z* transition. This character-
istic emission attributed to the decay of a free
excited CN* molecule above the surface has been
also observed for LiF, NaF, NaCl, KBr, and Csl
crystals, and for lithium-, sodium-, potassium-,
and cesium-metal surfaces, under electron bom-
bardment.

Optical radiation arising from above the sur-
face can be distinguished from bulk radiation by
measurements of the spatial location of the emis-
sion, as shown in fig. 3. This figure is a plot of the
intensities of optical emissions from CN*, from
CN™* radiating in the bulk, and from other bulk
excitations versus the position of the image of the
300-m spectrometer slits as the sample is trans-
lated along the beam direction. The emission
arising from the CN~ impurity and the bulk
fluorescence appears along the whole crystal, with
an enhancement on the front and rear faces of
the sample. The distance between the two peaks
matches the thickness of our sample, 2.2 mm. In
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Fig. 3. Position dependence of optical emission arising from
CN*, bulk impurity center CN™* and bulk fluorescence due
to zero-order synchrotron light bombardment on a single
crystal KC1 surface at room temperature. The surface was
exposed 1o gaseous CO, +N, (1:1) at 1.0x10~7 Torr. The
x-axis is the manipulator reading representing the distance
between the optics focus region and the front surface of the
sample.

contrast, the optical emission from neutral ex-
cited CN can be seen only in front of the surface.
This confirms that the CN*(B) radiation arises
from just above the surface.

3.2. Enhancement of CN* ESD yield due to CO,
and N, exposure

Fig. 4a shows the time-dependent growth of
excited CN desorption yield under 110 p A, 200
eV electron bombardment on KBr(100) surfaces
as the surface was exposed to gaseous N, at two
dosing pressures, 2.0 X 1078 and 5.7 x 10~8 Torr.
The plot is the CIN* emission yield versus the
exposure time at a constant N, pressure. The
surface was irradiated by a beam of 200 eV
electrons for four hours prior to gas dosing. Note
that the CN* desorption yield grows with the
exposure time and that the growth tends to satu-
rate at a level characteristic of the pressure. The
growth of the electron-induced CN* desorption
yield under gaseous N, exposure has also been
investigated for KCl and LiF surfaces, as shown

in figs. 4b and 4c. The desorption vyields for all
surfaces show a similar monotonic increase with
N, gas exposure but differ with regard to the
time to reach saturation. The rise times, defined
as the time to reach 90% of the saturation yield,
are 20 min for KCl, 19 min for KBr and about 40
min for LiF. Note that the time constants for KBr
and KCI surfaces are essentially the same, but
markedly different from that for the LiF surface.
This correlation suggests that the parent bond
from which desorbed CN™* arises is the the bond
between surface metal and CN where {or these
measurements, the metal is either lithium or
potassium.

In another experiment, a KCl surface, bom-
barded by 300-eV electrons at a constant current

250
a) 5.7e-08 Torr
2007 o o oo °e .

1507  .e®

1001 T e 2.0e-08 Torr

50 1

* o
~e®

KBr

0
60{ b) et
50 oo
404 «® °

a{ -

PO

-

1. KCi

CN* Desorption Yield ( Counts/Sec)

500y ©)

4004 aaet
3004 -

2001 et
100} R LiF

0
0 10 20 30 40
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Fig. 4. Growth curves of CN* desorption yields as a function
of time during gas exposure and electron-beam dosing: (a)
KBr sample exposed to gaseous N, at 2.0%10™* Torr and
$.7%x10"% Torr under 110 pA, 200 eV clectron bombard-
ment, (&) KC! sample exposed to gaseous N, at 5.0x10™*
Torr and (¢) LiF sample exposed 1o gaseous N, at 5.3x 1078
Torr under 100 u A, 200 eV electron bombardment. Substrate
temperature for these experiments was 60 K.
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Fig. 5. The CN* desorption yield measured for a given KCl
surface as a function of time under various gas exposure
conditions: (I) a clean KCl surface, (1) the same KCI surface
exposed to N, (1.2x10~# Torr) and (IIl) the KCl surface
additionally exposed to CO, (3.2x107® Torr). The lighter
solid line is a plot of total pressure as a function of time. The
incident clectron beam energy was 300 eV with a constant
current of 100 u A. Substrate temperature for this experiment
was 60 K.

of 100 n A, was dosed sequentially first by N, and
then by CQ,, as shown in fig. 5. This figure is a
plot of CN* emission yield (dark line) and gas
pressure (weak line) as a function of time. Ini-
tially, there was no external gas introduced into
the chamber. Under these circumstances a small,
constant CN* desorption yield was observed.
When the surface was exposed to gaseous N, at a
constant pressure of 1.2 X 10~® Torr (beginning
at the time indicated by the first arrow), the CN*
desorption yield increased toward saturation.
Later, the surface was exposed to gaseous CO, at
a constant pressure, 3.2 X 10~® Torr, concurrent
with N, exposure. As shown in the figure, the
CN * desorption yield increased dramatically. The
ratio of the saturation yields attributable to the
combined CO, and N, gas exposures is 8.9, which
is significantly larger than the ratio of partial
pressures of CO, and N,, which is 1.7. This
indicates that simultaneous dosing of CO, and
N, gases results in a significantly higher CN*
desorption yield than N, dosing alone. We ob-
serve similar effects for KBr and LiF substrates.
Thus we find that the CN* desorption yield
markedly increases when alkali-halide surfaces

Jun Xu et al. / Excited CN molecules electronically desorbed from alkali-rich surfaces

are exposed to gaseous N, and CO, under elec-
tron or photon irradiation. In addition, we be-
lieve that the small yields measured under condi-
tions of no external dosing are due to residual N,
and CO, gases normally in the chamber even
under ultrahigh vacuum conditions.

3.3. Enhancement of CN* PSD yield due to CO,
and N, exposure

Fig. 6 displays optical spectra arising from
zero-order synchrotron radiation incident on a
glass surface, with and without a thick layer of
potassium metal, and with and without CO, + N,
exposure. Initially the clean glass sample was
bombarded by photons in_situ for 20 min; fig. 6a
shows the resulting optical emission. The contin-
uous fluorescence is due to recombination of
defects created by photon bombardment in the
glass [28]. Next, potassium was evaporated onto

800
(a)

6 400 t
(7]
(%2
A 0
= ! . (b)
3 400}
3 o
= (©)
s 400t '
2
a _/’“"‘\-\\
(@ @
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-t
& 1000 }
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3000 4000 5000 6000
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Fig. 6. Optical emission spectra due to zero-order synchrotron

light bombardment (a) on a clean piece of glass, (b) on a

potassium-covered glass surface, (¢) on a potassium-covered

surface with exposurc of the surface to gaseous CO, +N,

(1:1) at £.0x10~7 Torr for 2 min, and {(d) on a potassium-

covered surface following gas exposure (CO,+N, (1:1) &t
1.0x 10~ 7 Torr) for 30 min at room temperature.
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the surface. The resulting optical emission spec-
trum is shown in fig. 6b, where the bulk fluores-
cence intensity is reduced due to the presence of
the potassium layer. Then the potassium-covered
surface was exposed for two min to a one-to-one
mixture of CO, + N, at a pressure of 1.0 X 1077
Torr. The resuloting spectrum, fig. 6¢, shows a
feature at 3870 A which we attribute to the decay
of desorbed CN*. Finally, after 30 min of the
CO, + N, (1:1) exposure with simultaneous pho-
ton irradiation, the intensity of the characteristic
line is markedly enhanced as shown in fig. 6(d).
We can conclude from these measurements that
.photon-stimulated CN* desorption is greatly in-
creased with CO, + N, exposure. On a clean
glass surface, CN* desorption was not observed
under photon bombardment and simultaneous
CO, + N, exposure. Similar enhancement of CN *
desorption yields due to CO, + N, exposure were
observed from KCl, and from sodium- and
lithium-covered glass surfaces.

3.4. The role of pre-irradiation in the enhancement
of CN * desorption yield

Three additional experiments were performed
which show that the marked increase in the CN*
desorption yield is observed only after the alkali-
halide surface is pre-irradiated with electrons or
photons.

The first experiment determined the depen-
dence of the CN* desorption yield on the sam-
ples’ radiation history. The results are shown in
fig. 7, for the case of 300-eV electron bombard-
ment of KC| surface at 60 K. CN* desorption
yield measurements were made for a wide range
of pre-radiation doses (defined as the pre-radia-
tion time multiplied by the electron current in
units of A h). The CN* desorption yields, plot-
ted as a function of the exposure time, reach
saturation values which are strongly dependent
on the pre-radiation dose. The insct in fig. 7
shows that the saturation values plotted as a
function of pre-irradiation dose tend toward satu-
ration. For a typical current of 130 uA, nine
hours were require to reach saturation, as shown
in fig. 7. -

1000
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Fig. 7. CN* desorption yields from a KCl surface at 60 K
plotted as a function of time exhibiting the influence of gas
exposure, CO, +N, (1:1) at 1.0x10~7 Torr, for a variety of
electron-beam integrated doses.

The second experiment involved a measure-
ment of the difference in the CN* PSD yield for
a KCl surface with and without pre-irradiation.
Desorption was measured under zero-order syn-
chrotron light bombardment at 300 K and with
exposure to gaseous N, and CO,. Fig. 8a shows
the time-dependent yield after 18 h of pre-irradi-
ation by zero-order synchrotron light prior to the
gas exposure. Fig. 8b shows the yield obtained
with no pre-irradiation. Except for the radiation
history, both experiments were carried out under
the same conditions, yet the saturation rise time
for the pre-irradiated sample is smaller by a
factor of approximately three.

The third experiment involved a measurement
of the difference between the CN* desorption
yield for a spot pre-irradiated by 300-eV elec-
trons and the yield for the rest of the sample,
which had no radiation history (fig. 9). A KCl
sample was cleaved in air and annealed at 450°C
in UHV for four h before the surface was cooled
to 60 K. A single spot on the surface was pre-
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200 | -

Exposure to CO2 « N2
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Fig. 8. CN* desorption yields from KCl surfaces with and
without photon pre-radiation at room temperature under
zero-order synchrotron light bombardment in the presence of
CO, +N, (1:1) at 1.0x10~7 Torr. (a) CN* desorption yield
for a KCl sample plotted as a function of time for no prior
synchrotron light dosing. For this measurement gas exposure
commenced at the 9 minute mark, (b) CN* desorption yield
for a KCI sample plotted as a function of time which prior to
this measurement had experienced 24 h of synchrotron light
dosing. Gas exposure commenced at the 3 min mark.
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Fig. 9. CN* desorption yields plotted as a function of distance
for a path directed along a KCl sample surface. The path of
measurement on the surface intersects a spot pre-irradiated
by 300 eV clectrans at a current of 80 u A for 12 h. The rest
of the sampie had not previously been trradiated.

irradiated by 300-eV electrons for 12 h; and the
surface was then exposed to gaseous CO, and N,
at a combined pressure of 1.0 X 10”7 Torr. The
measurements of the position-dependent desorp-
tion yields began after the desorption yields
reached saturation. The CN* desorption yield
exhibited a maximum at the center of the pre-
irradiated spot. Note that the yield greatly less-
ened as the electron beam moved to regions of
the surface of the sample which had little or no
previous electron-beam radiation history.

In addition, we have observed that pre-irradia-
tion of a sodium-metal surface by an electron
beam does not enhance the CN* yield, whereas
the pre-irradiation of a NaCl surface clearly en-
hances the CN* desorption yield. All of these
experiments indicates that the pre-irradiation
produces alkali-metal-rich surfaces on alkali-
halide crystals.

4. Discussion and conclusion
4.1. Surface metallization

Our data strongly suggest that surface metal-
lization is required for CN formation on alkali-
halide surfaces. As shown above in figs. 7, 8, and
9, the formation of CN on alkali-halide surfaces
requires pre-irradiation by either electrons or
photons. Incident electron or UV photon radia-
tion not only serves to stimulate the desorption of
excited CN but also plays a role in precondition-
ing the alkali-halide surfaces for subsequent CN
formation. It is extensively documented that elec-
tron [29-31]} and photon [32] bombardment can
induce the accumulation of excess metal on al-
kali-halide surfaces. Thus, we believe that there is
a crucial relationship between the process of ra-
diation-induced metallization of alkali-halide sur-
faces and the concentration of surface CN lead-
ing to CN * desorption.

Surface metallization is ur derstood in this work
as a defect-mediated process. Incident photon or
electron bombardment deposits energy in the near
surface bulk by hole creation {33]. This deposited
energy may generate a Frenkel pair, which con-
sists of a halogen vacancy with an electron (F-
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center) and a (halogen); molecular ion (H-
center), either in the near surface bulk or on the
surface (34]. Halogen atoms, originating at the
surface H-centers, may be emitted from the sur-
face [35]. The F-centers remaining on the surface
neutralize excess metal ions left following the
halogen emission. Thus, electron or photon bom-
bardment on an alkali-halide surface produces
surface metallization. '

4.2. CN formation on alkali-rich surfaces

Our data show that the electron- and photon-
stimulated CN* desorption yields grow with sur-
face exposure to CO, or/and N, gas. The des-
orption yields are a function of the concentration
of the parent adsorbate (this function is compli-
cated since adsorption sites, coadsorbates, de-
fects, and diffusion may all affect the desorption
yields). Thus, our experimental results imply that
the amount of CN adsorbed on the surface grows
with CO, and N, exposure. In addition, we have
observed a small amount of CN* emission from
the surface under ultrahigh vacuum conditions.
In fact, CN* emission in the absence of external
dosing was observed to increase when residual
gas pressure increased. Because of the observed
enhancement of CN* desorption yield due to
CO, and N, dosing, we believe that the CN*
desorption from alkali-halide surfaces in the ab-
sence of external dosing [11] arises from residual
CO, and/or N, gases.

Formation of molecular adsorbates can occur
either from dissociation of large molecules on
surfaces [16] or from the recombination of two
individually bound atoms [17,18]. The present
work suggests that the CN formation process on
alkali-halides involves molecular dissociation on
the surface followed by recombination. In the
dissociation process, CO, and N, molecules de-
compose on the pre-irradiated surfaces into their
constituent atoms. Next is the recombination of
these atoms into a new molecule which includes
CN as one of its contituent parts.

An important question is what is the identity
of the bond present on the pre-irradiated alkali-
halide surface prior to CN* desorption. Our data
provides evidence that there is a definite correla-

tion between the presence of surface metal and
the characteristics of electronically desorbed
CN*, which strongly suggests that the parent
bond of the desorbing CN* is the ionic bonding
between surface alkali and CN molecule. Three
important classes of measurements support this
conclusion.

The first class of measurements discussed
above, relates the rise-time of electronically des-
orbed CN* (which is related to surface CN con-
centration) to the alkali component of alkali
halide, as shown in fig. 4. Clearly, the halide
component is not important.

The second class of experiments described in
ref. {36] shows that the rotational distributions of
desorbing CN* are systematically correlated to
alkali components of alkali-halide and alkali-
metal substrates. Alkali metals and alkali-halides
with the same alkali component, give arise to the
same rotational distribution. The distribution is
found to be independent of the halide component
of the substrates.

The third class of experimental evidence is
that the excitation function of desorbing CN* by
photons exhibits resonance structure (16 and 20
eV) for both potassium metal and KCl surfaces,
independent of the chloride component of KCl
substrate (36].

In all these cases, there exists a strong system-
atic correlation between the alkali component
and the desorbing CN* which suggests that CN
is bonded to the surface alkali.

4.3. Mechanism for the desorption of excited CN

As shown above, the presence of alkali~CN on
the surface is essential to the desorption phenom-
ena observed. Also, the data suggest that the
mechanism responsible for breaking the bond of
alkali-CN is desorption induced by electronic
transitions (DIET) [37]. Specifically, the parent
alkali-CN is excited electronically from its bound
state to an anti-bonding state.

An important question is the nature of the
anti-bonding state participating in the observed
desorption of excited CN in the B state. The B
state of neutral CN may be formed directly by the
40 — So excitation of the CN molecule or by the
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40 ionization of ground state CN~. Our present
results cannot determine whether the surface CN
is bonded to one or two or possibly more metal
atoms (e.g., K,). However, it is reasonable to
assume that the alkali-CN bond is primarily 1onic,
and hence that the 4¢ ionization channel of
K -CN~ system results in a K§f}; ~CN(B) cationic
repulsive state. As discussed in ref. [36), we ob-
served a resonance peak at 16 eV in the photon
energy dependent yield of desorbing CN* from a
potassium metal surface, which is close to the
calculated value (17 eV) of the 4o ionization
energy for a similar system, CN adsorbed on Ni
metal [39]. These considerations suggest that the
K;-CN~ system is raised to an antibonding
(K,CN)* state by the ionization of the CN~ 4¢
state, and the desorption of CN in the B state
results.

Another possible channel for surface CN loss
in addition to desorption is that CN ~“may diffuse
from the surface into the near surface bulk. In
order to test this hypothesis, we measured the
characteristic CN ~ UV radiation arising from the
near surface bulk, which was observed to increase
with exposure to gaseous CO, + N, under syn-
chrotron UV photon bombardment. This obser-
vation is consistent with Nakagawa and co-
worker’s earlier observation {14]). Consequently, it
is clear that an important source of the CN~
impurity in the near-surface bulk is surface expo-
sure to gaseous CO, + N,. This indicates that
surface CN, probably in the form K -CN7, is an
important intermediate step in the formation of
CN~ impurities in the near surface bulk just as it
is an important intermediate step in the desorp-
tion process.

In conclusion, the origin of ESD and PSD of
excited CN from alkali-metal and pre-irradiated
alkali-halide surfaces has been found to be inti-
mately related to exposure of the surfaces to CO,
and N, gases. For alkali-halide surfaces, electron-
and photon-induced metallization of alkali-halide
surface is required for alkali-CN formation. The
data suggest a new desorption model which can
be described as a three-step process: (1) pre-
irradiation of alkali-halides results in alkali-
metal-rich surfaces via a defect-mediated process,
(2) a surface reaction produces alkali-CN

molecules on the surface when the alkali-rich
surface is exposed to CO, and N, prio: to des-
orption, and (3) an electron or photon bombard-
ment breaks the (alkali)*~CN ~ bond and induces
electronic desorption of excited CN molecules
from the surface.
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Abstract: The optical emission attributed to electronically desorbed
excited sodium atoms from NaCl and Na-evaporated surfaces is shown to
be enhanced by exposure of the surface to gaseous CO7 and Np. This is
the first observation of enhancement of electron-stimulated desorption of
substrate atoms caused by the exposure of surfaces to gaseous molecules
which do not contain the desorbed atoms. The large amount of excited
sodium yield at 60 K provides evidence for non-existence of the secondary-

electron excitation of thermally desorbed ground sodium.
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This work reports the first measurement of the influence of surface impurities on
the electron-stimulated desorption of substrate atoms. The surface composition can be
altered by the migration to the surface of either substrate atoms or bulk defects.!"3 Atomic
or molecular adsorbates on surfaces may originate by exposure of the surfaces to gaseous
molecules whose atomic constituents are either the same as, or chemically derived from, the
dosed molecules.*-6 It is quite understandable that external gas exposure enhances
desorption yield of adsorbates since the dosed molecules increase the adsorbate
concentration. Recently, the experiments of Johnson and co-workers’ and the calculations
of Nordlander8 show that the probability of hydrogen-atom desorption from metal surfaces
can be altered by the presence of impurities on the surfaces. An immediate expectation 1s
that the probability of substrate-atom desorption may also be enhanced by the presence of
surface impurities. In this paper we show that excited sodium atom emission is
dramatically increased when the electron-bombarded sodium surface is exposed to gaseous
CO3 and Np molecules. This observation indicates that gas exposure plays an important
role in electronic erosion of substrates and is significant to such applications as
lithography, surface catalysis, and the analysis of surface damage.

The work was carried out in an UHV system, which operates at a base pressure of
1.0x10°10 Torr. Gases were admitted to the chamber through two Varian leak valves
allowing the partial pressures of two gases, CO7 and Na, to be controlled in the range of
1.0 x 101010 1.0 x 106 Torr. Electron gun was operated in the energy range 10 to 400
eV at typical currents of 10-150 pA. The samples were mounted on a micromanipulator
allowing them to be moved relative to the optical detection system. The samples were in
thermal contact with both a closed-cycle helium cooler and a heating unit: sample
temperatures could be varied from 50 to 800 K. The alkali-halide crystals were cleaved in

air, mounted with their (100) surfaces facing the beam and heated under UHV conditions




for cleaning. Thick sodium metal layers were obtained by evaporation from SAES sodium
dosers onto a glass slide. Electron bombardment of a surface produces optical emission
partially attributed to electronic transitions of desorbed excited species from the surface.
Optical emission from the samples was imaged onto the entrance slit of a McPhereson 0.3-
m monochromater. Photons were detected by a cooled photomultiplier, operated in a
pulse-counting mode. The stepping motor for control of the grating and the scaler for
photon counting were interfaced through CAMAC and IEEE-488 units to an Apple
Macintosh computer.

The results of the experiment are presented in Figures 1-2. Figure 1(a) and (a’)
compare optical spectra arising from an electron-bombarded NaCl surface without and with
gas dosing. Initially without external gas exposure, a freshly cleaved NaCl sample was
cooled to 60 K and pre-irradiated by 300-eV electrons for about 12 hours. Figure 1(a)
displays a large amount of bulk fluorescence arising from this surface under electron
bombardment. There was no observable Na* emission. Later, after the surface was
exposed to 30 langmuirs of a 1:1 gaseous mixture of CO; and Nj, a large Na* desorption
yield appeared, as shown in Figure I(a’). Figure 1(b) and (b’) shows the similar
observation for sodium metal surfaces. The difference between the sodium-metal and the
NaCl experiments is that, to obtain the above results, electron pre-irradiation was required
for the NaCl surfaces but not needed for the sodium-metal surfaces. The data for the both
substrates clearly show that gas exposure can influence electron-stimulated desorption of
substrate atoms even though the atoms are not chemically related to the dosing molecules.
As seen in the figure, we also observe enhancement of the ESD yield of excited CN
molecules. The CN enhancement is understood to be due to the increasing concentration of

adsorbed CN when the surface is exposed to CO7 and Np.9




The detailed growth process of the excited sodium desorption yield has been
examined for various gas-exposure times. The desorption yield of excited sodium atoms
from a Na-metal surface under 110 gA, 300-eV electron bombardment increases as a
function of the CO7 and N3 exposure time, as shown in Figure 2. The yield for excited
sodium increases faster than linearly with the exposure. The yield for excited CN
desorption, also shown in Figure 2, increases slower than linearly with the exposure and
the growth tends to saturate at large exposures. Although the CO2 and Nj exposure
enhances both CN* and Na* desorption yields, there is an important difference between the
enhancements. For CN* desorption, the exposure is required to increase the concentration
of the CN adsorbates on the surface. The saturation yield in the CN growth is understood
to be due to a saturation of the surface sites for CN formation and an equilibrium between
the formation of surface CN and the CN related desorption.? However for Na*, there is an
abundance of sodium atoms on the surface since these are substrate atoms. The saturation
limit observed in CN molecules does not appear for excited sodium desorption in the
exposure range investigated here.

Many studies of electron and photon stimulated desorption (ESD and PSD) of
excited alkali atoms from alkali-halide surfaces have been carried out.10-13 Therc are long-
standing arguments about whether the production of excited alkali atoms come from the
secondary electron excitation of thermally desorbed ground-state alkali atoms. The some
experimental results!0.11 support this mechanism as follows: 1) the velocity distribution of
excited sodium atoms follows a Boltzmann distribution agreeing with the surface
temperature, and 2) electronic state populations of excited sodium atoms agree with the
populations observed in gas-phase electron-impact excitation cross sections for sodium.
On the other hand, some experiments!2.13 show that excited-alkali production in PSD

decreases as the temperature increases while ground-state production of alkali atoms




increases as the temperature. Although the secondary electron excitation mechanism may
be important for some high temperature experiments, it cannot explain this difference. Our
data show that the yield of excited sodium production at 60 K is very large, even larger
than the yield at 300 K. At such a low temperature, it is impossible to produce thermal
ground-state sodium desorption followed by secondary electron excitation in such a large
amount. A direct desorption induced by excitation to some repulsive electronic state,
and/or production due to chemical reactions on the surfaces may be responsible for the
production of excited sodium metal.

It is extensively documented that electronl0. 14, 15 bombardment can induce
accumulation of excess metal on alkali halide surfaces. Thus, we believe that the pre-
irradiation for NaCl is required to produce metallization of the alkali halide surface. It is
generally believed that a metal surface is difficult to produce the metal atom desorption
since the initial excitation energy is quickly dissipated to the bulk. This is consistent with
our data, which show no excited sodium desorption from sodium metal and Na-rich NaCl
surface under electron bombardment.

CO3 and Ny exposure to the Na-rich surface produces impurities of the surface.
These oxygen, carbon, and nitrogen impurities residing on the sodium surface may form
sodium compounds, such as sodium oxide or insulator monolayers/multilayers on the metal
surface. Nordlander theoretically predicted® and Johnson and co-workers observed? that
probability of excited hydrogen atom desorption is enhanced by coadsorbed impurities on
metal surfaces. We postulated that a similar picture may apply to the present result which
shows enhancement of substrate atom desorption due to coadsorbed impurities on the
sodium surfaces. Formation of the sodium-impurity complex localizes incident energy and

consequently enhances the probability of the sodium desorption.




In summary, this is the first observation that electron-stimulated desorption of
substrate atoms is enhanced by exposing the surface to gaseous molecules whose atomic
constituents differ from the desorbed atoms. This observation indicates that nature of
surface bonds plays an important role in electronic erosion. In addition, the large amount
of excited sodium desorption at 60 K roles out the second electron excitation mechanism.

Authors thank H. Nielsen, C. Ewig, and D. Liu for helpful discussions. This
research was sponsored in part by the Air Force Office of Scientific Research (AFOSR)
under Contract AFOSR-90-0030, by the Office of Naval Research under Contract NOOO14-
87-C-0146, and by NASA under Contract NAS8-37744.
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Figure Captions:

Figure 1. Optical emission spectra due to 300-eV electron bombardment (a) on a pre-
irradiated NaCl surface at 60 K, (a’) on the surface with CO2+N2(1:1) exposure at 5.0x
10-8 Torr, (b) on a sodium metal surface at 60 K, (b’) on the surface with CO2+N2(1:1)

exposure at 5.0 x 10-8 Torr.

Figure 2. Excited sodium and CN desorption yields from a sodium-metal surface at 60 K

plotted as a function of time exhibiting the influence of gas exposure, CO2+N2(1:1) at

1.0x10°97 Torr.
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ABSTRACT

We report the creation of a novel composite nonlinear optical material by implanting Cu ions in
fused silica. The implanted Cu ions aggregate at room temperature to form nm-size polycrystalline
clusters in a high-density thin (~ 150 nm) layer just beneath the surface of the substrate.
Measurements of the Kerr-type third-order nonlinear susceptibility ¥(3) of this material shows that
it has a response time no longer than 6 ps and a magnitude of order 10-8 esu. The nonlinearity is

enhanced for laser wavelengths near the surface plasmon resonance of the copper colloids.
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The development of practical optical computing and communication devices will require
materials with large x(3) fabricated by techniques compatible with microelectronics processing
technology. Metallic nanoclusters embedded in a dielectric are potentially attractive for these
applications, since they exhibit a nonresonant ultrafast nonlinear response at the bulk or surface
plasmon frequency of the metal. The response time of gold colloids in water has been shown to be
less than 5 psec,! and the size of x(3) and response time of gold colloids both in water? and in
Schott (RG6) filter glass3 has been found to depend on colloid shape and size distributions.
Enhancements in (3 of of several orders of magnitude have been predicted for clusters embedded
in dielectrics.# However, metallic colloids have not previously been fabricated in a form

compatible with microelectronics technology.

In this paper, we report what to our knowledge is the first observation of picosecond optical
nonlinearity in copper clusters produced by ion implantation in silicon dioxide. The Cu clusters
have diameters in the 2-28 nm range, as shown by transmission electron microscopy, and are
implanted in 150-nm-thick layers. Electron diffraction measurements show that the clusters are
polycrystalline, face-centered-cubic structures; the smallest of them could be expected to exhibit
quantum size effects. The observed electronic nonlinearity is of the Kerr type, and has a response
time no longer than 5.5 ps pulses. The nonlinear index is strongly enhanced at wavelengths near
the peak of the surface plasmon resonance in the copper nanoclusters, and has a magnitude of
order 10-10 cm2.W-1, comparable to the values observed for semiconductor microcrystallites such

as Cde]-x.

Our sample for this experiment was made by implanting a high purity fused silica
(Spectrosil®) disk 20 mm in diameter and 1 mm thick with Cu* ions at 160 keV energy at room
temperature to a total dose of 12-1016 ions-cm2. The ion beam was electrostatically rastered to

provide uniform implantation, and the current density was 2.5 pA-cm2, holding the macroscopic
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temperature of the substrate below 50 °C. The Cu concentration and depth profiles of the
implanted ions were determined by He* ion backscattering (RBS). The total ion dose calculated
from RBS was typically 90% of the integrated current measured during implantation, indicating
minimal sample charging. The RBS spectra of the implanted layers are bimodal: the larger peak is
about twice the size of the smaller and appears nearer the surface. The implanted layer was some

150 nm thick FWHM.

Samples for TEM analysis were prepared by standard grinding, ion-milling and back-
thinning techniques, and examined in a Philips CM20/T scanning transmission electron microscope
operating at 200 kV. As shown in the bright-field image in Figure 1, the sample clearly contains
spherical particles embedded in the silica matrix. This view does not reveal the depth distribution
of the nanoclusters; cross-sectional TEM measurements indicate that the larger particles are located
closer to the surface in the region of the primary peak in the RBS spectrum; the smaller clusters are
beneath this highest-dose region.5 Measurements madé while tilting the sample revealed that these
colloids are spherical in shape with random crystallographic orientation. Electron diffraction
measurements, shown in the insert to Fig. 1, display a ring pattern characteristic of face centered
cubic (FCC) polycrystalline metallic copper, superimposed on the diffuse diffracted intensity from

the amorphous silica matrix.

Particle size distributions were obtained from projected diameters of the clusters from the
TEM bright-field images. Regions of the TEM samples were selected which had adequate
thickness to represent the overall particle size distribution. By assuming a spherical geometry and
a foil thickness equal to the FWHM depth calculated from the RBS profile, these particle-size
measurements were used fo calculate the areal and volumetric densities listed in Table 1. The
computed areal density was in close agreement with that from the RBS measured values.

Elsewhere we have reported that such parameters of the nanoclusters as average cluster size, size
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distribution and volume fraction are affected and can be controlled both by total dose per side and
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“ sizes 18 roughly uniform from 5 nm to 25 nm diameter; the total
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number of clusters is estimated to be 5.1-10% pum3 in the implanted layer.

comparison, a S-nm-diameter fcc copper sphere contains some 1800 atoms. For clusters with

diameters below 10 nm, quantum size effects are expected.’
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TABLE I: Characteristics of Implanted Sample
Sample| Nominal Number RBS Current Areal Volume
Dose of Sides Dose Density Density | Fraction
(ions-cm-2) | Implanted | (ions-ecm-2)| (uA-cm-2) | (ions-cm-2)| (%)
1 12-1016 1 10-1016 2.5 9.5-1016 7.5

Differential optical absorption measurements on the Cu:silica sample were made over the
wavelength range from 650 to 200 nm (1.8 to 6.2 eV) using a Cary 14 dual beam
spectrophotometer interfaced to a microcomputer with an unimplanted sample in the reference
beam. Absorption measurements were made at three different positions on the sample; scatter in
the data from these three points was less than + 5%. The absorption spectrum exhibits a peak at
2.2 eV (the solid curve in Fig. 2) which can be attributed to the Cu surface plasmon resonance.
The ratio of plasmon pcak to background is preparation dependent.8 A significant rise (and in
“some cases, a peak) in absorption near 5 eV is due to ion-beam-induced radiation damage, in
particular the formation of the E' and B3 electronic defects; there is also probably a contribution

from plasmon formation.?

The nonlinear index of refraction nz is defined in terms of the ordinary linear index ng and the

(complex) third-order nonlinear dielectric susceptibility %(3) by:

4n

) 3)
3ng 10 "rdz%]

n=n,+y1I, Y= (D
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where ng is the linear index of refraction and I is the laser intensity. The nonlinear index of

refraction was measured with the Z-scan method in an optical set-up described by Becker et al..10

The light source was a 5.5 ps, cavity-dumped tunable dye laser with a 3.8 MHz pulse
repetition rate and 100 mW average power. Peak irradiance of the dye laser near the top of its
tuning curve is ~ 2-10° W-cm2. A 1-mm thick sample of CS) was used as a reference for
calibrating the Z-scan and our sample. The laser intensity in the Cu-implanted layer was varied by
translating the sample through the focal plane of a 150-mm lens on a computer-controlled
translation stage. The sample acts as a second lens in series, having an intensity-dependent focal
length. The transmitted laser intensity was monitored by a power meter located behind a beam-
limiting aperture 90 cm from the focal plane, normalized to the signal from a beamsplitter placed
before the focusing lens. For a material with a positive nonlinear index of refraction, moving the
sample toward, and then away, from the focal plane causes an initial decrease in the normalized
far-field intensity, followed by a recovery to unity at the focal plane and a subsequent increase in

intensity.

Typical Z-scan plots for our picosecond measurements have been shown elsewhere.® The
analysis we use is based on paraxial optical ray-tracing for the equivalent two-lens system, and is
described in detail in a forthcoming publication.!! For a thin, highly absorbing layer embedded in

a transparent dielectric, the intensity-dependent part of the refractive index Y= An/l is

y = Imax -Imin ) norg 2y = Tﬂ% (2)
T * 1 ZolL )

where Inax and Imin are the maximum and minimum intensities recorded in the Z-scan; 1, is the
laser peak intensity at the focal spot, 14 is the radius of the Gaussian beam profile-at the focal

plane, L is the thickness of the implanted layer, and z, is the diffraction length.
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Figure 2 shows the results of Z-scan measurements at several wavelengths between 570 and
600 nm - near the 2.2 eV absorption peak in the spectrum of the samples. The data are values of
Re[%(3)] which were extracted from the Z-scan measurements of , and are of order of 10-8 esu.
The fact that x(3) exhibits a maximum around 570 nm supports the idea that excitation of the
surface plasmon resonance is responsible for the third-order nonlim':arity. These values for the
nonlinear index are much smaller than the thermo-optic nonlinear susceptibility of () ~ 106 esu
reported earlier for 100 ps FWHM laser pulses at 532 nm.}2 This is because at 5.5 ps pulse
length, only fast electronic effects of the Kerr type contribute to x(3), while at 100 ps pulse length,

the high absorption of the sample (o ~ 104 cmr-1) leads to thermal self focusing.

Both the magnitude and the enhancement of X3 in Cusilica resemble the measurements of
Im[x(3)] previously carried out on gold colloids in ruby-gold glass and in aqueous solution. The
major contribution to this electronic Kerr-type nonlinearity in Au has been shown to arise from
photoexcitation of electrons in the conduction band owing to the weak specific heat and consequent
ease of raising these electrons to temperatures of many hundreds of degrees.! Transient
thermoreflectance spectroscopy on a 400-nm-thick evaporated Cu film shows that this same hot-
.clectron contribution should be effective in Cu clusters, because several electron-lattice collisions
are required to thermalize the incident photon energy in that material also.!>  In addition,
following the analogy with the Au clusters, we expect an interband contribution to the nonlinear
susceptibility arising from the photoexcitation of electrons from the d-band near the X point of the
Brillouin zone to the p-conduction-band states near the Fermi energy. The magnitude of this
contribution to x(3) in gold is largely imaginary and of order 2-10-8 esu - close to the values of
Re[x(3)] measured in our present experiment. It is anticipated that there should be no quantum size
effect observed for the broad distribution of relatively large nanoclusters in our sample, since those

effects are likely to be seen only for clusters smaller than 2-3 nm in diameter.
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The exact relationships between %(3) or 7 and such materials-preparation parameters as total
implantation dose, current density and temperature are currently under investigation. It appears
that these parameters determine both the cluster size and cluster size distribution. By controlling
the cluster properties, it may be possible to tailor the optical properties for specific applications in
optical waveguides and other devices, as well as to enhance the nonlinear optical response. The
possibility of controlling the characteristics of nanoclusters through the ion implantation process is
particularly intriguing in light of predictions of large enhancements in the third-order nonlinearity

for metal-dielectric composite structures created in a nonlinear host matrix.3

In summary, we have shown that it is possible to embed metallic Cu clusters in fused silica
using ion-implantation procedures compatible with microelectronics processing techniques to create
a novel nonlinear composite material. The ion implanted layers exhibit an electronic nonlinear
susceptibility x(3) of the Kerr type; the measured nonlinear refractive index is Y~ 10-10 cm2-W-1,
comparable to values for I-VI semiconductor nanocrystallites.14 As we have shown elsewhere,
the mean size and size distribution of the clusters can be controlled by varying ion implantation
parameters. Thus, using the ion-implantation technique, it should be possible to fabricate metallic
.nanoclustcrs in a variety of interesting geometries and at a volumetric density compatible with

silica-based optoelectronic device technology.
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FIGURE CAPTIONS

Figure 1. Bright-field TEM image of metallic Cu nanoclusters formed by
ion implantation in fused silica. The sample was implanted to a dose of
1.2-1017 jons-cm-2. Insert: Electron diffraction image of the ring pattern
characteristic of face-centered cubic copper in the ion-imp'=nted layer.

Figure 2. Measured values of %x(3) for the sample shown in Figure (la),
superimposed on a section of the absorption spectrum for the sample, shown
in units of extinction coefficient per ion.
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FIGURE CAPTIONS

Figure 1. Bright-field TEM image of metallic Cu nanoclusters formed by
ion implantation in fused silica. The sample was implanted to a dose of
1.2-1017 ions-cm-2. Insert: Electron diffraction image of the ring pattern
charactenistic of face-centered cubic copper in the ion-implanted layer.
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Figure 2. Measured values of c(3) for the sample shown in Figure (1a),
superimposed on a section of the absorption spectrum for the sample, shown
in units of extinction coefficient per ion.
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Ultraviolet laser ablation of halides and oxides *
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A. Niehof and W. Heiland

Fachbereich Physik, Universitat Osnabriick, W-4500 Osnabrick, Germany

We compare and contrast recent measurements of the behavior of ions and excited ions desorbed from samples of alkali halides
and oxide ferroelectrics by an excimer laser at 308 nm wavelength. At the intensities used in these experiments, the density of local
electronic excitation is low in the halides and high in the ferroelectrics, corresponding to two- and one-photon band-to-band
transitions, respectively. The observed desorption yields and changes in the sample surfaces are discussed in terms of the density of
electronic excitation, the relative strengths of electron-lattice coupling, and the role of therma! relaxation processes in the two

materials.

1. Introduction

Ultraviolet laser ablation is the basis for an increas-
ingly significant area of materials processing technolo-
gies, including lithography, patterning, marking, micro-
machining, and thin-film growth [1]. In many of these
applications, {aser ablation may be either a competitor
for or a complement to traditional ion-beam tech-
niques. However, in spite of the scientific and techno-
logical importance of this process, relatively little re-
search has been devoted to microphysical mechanisms
of laser-induced desorption and ablation from insula-
tors {2). The paucity of data on fundamental mecha-
nisms of laser ablation in insulators is partly due to the
difficulty of characterizing the state of a dielectric
surface before and after ablation, and contrasts starkly
with the plethora of work on desorption of molecules
adsorbed on metal and semiconductor surfaces [3).

Laser ablation or laser sputtering of surfaces evinces
both contrasts with and similarities to collisional sput-
tering. In laser ablation, energy deposition occurs by
electronic excitation, whereas in collisional sputtering,
both collision cascades and local electronic excitation
absorb the incident ion energy. Nuclear motion leading
to particle emission occurs in ion sputtering primarily
by momentum transfer, but in laser ablation, by elec-
tron-lattice coupling subscquent to the initial elec-

This research was partially supported by the North Atlantic
Treaty Organization and by the Office of Naval Research
through the Free-Electron Laser Program in Biomedical
and Materials Research.
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tronic excitation. The dynamics of particle emission
varies with local density of electronic excitation and
with electron—lattice coupling strength [4).

In this paper, we present recent results on laser
ablation of an alkali halide (KCl) and an oxide ferro-
electric (KNbO,). Our motivation is both technological
and scientific: In optical technology, halides and other
ionic compounds are widely used as optical compo-
nents, while the oxide ferroelectrics are used as nonlin-
ear optical and photonic materials. Laser-induced ma-
terial degradation is a major issue in these applica-
tions. Because the ferroclectrics are not easily ma-
chined or chemically etched, there is also interest in
laser-micromachining of these materials [S]. From the
perspective of optical physics, on the other hand,
halides and oxides fall in the strong and intermediate
electron-lattice coupling regimes, respectively. Since
the excimer laser with its 4 eV photon energy induces
band-to-band excitation by two- and one-photon exci-
tation in the halide and ferroelectric materials, respec-
tively, our experiments also contrast the regimes of low
and high absorption and electronic excitation density.

2. Experimental details

Single-crystal targets of KCl were prepared by
cleaving bulk material supplied by Harshaw. KCl ex-
hibits the strongest possible electron-lattice coupling,
with a Phillips ionicity of 0.95. KCl has a band-gap
encrgy of 8 eV, so band-to-band excitation requires a
two-photon transition. Our KNbQ, targets were grown
from a melt and supplied as single crystals with dimen-

0168-583X /91 /503.50 © 1991 — Elsevier Science Publishers B.V. All rights reserved
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sons o6 sbout 1A 150 1 mm . Some of the RANbOy,
el pned o onr evrernmients were dopedad
whah, alkahine carth and ganstion-metal clements.
Potassium mobate has anintermediate electron-lattice
coupling, consistent with tts somewhat more covalent
binding. With a bandgap of 4 ¢V, electron-hole pairs
can be created by single-photon band-to-band transi-
tions tn this material.

The laser ablation experiments described here were
carried out at room temperature in an ultrahigh vac-
uum (UHV) chamber with a nominal base pressure of
less than 10~° Torr. Samples of KCI and KNbO; were
mounted on a micromanipulator and placed in the
chamber with the surface normal to the beam from the
exciting laser.

The ablation laser was a Lumonics Hyper-Ex 460-
UB laser oscillator with a nominal pulse width of 15 ns
and a maximum pulse energy of 250 mJ for a standard
XeCl gas mixture (A =308 nm, Av =4.02 eV). The
laser was focused gently onto the target with a fused-
silica lens of 40 cm focal length located just outside the
UHYV chamber, to produce a focal spot with an area of
some 3-4 mm?, as measured by burn patterns. This
provided peak intensities in the range of 10*3-3 x 10"
Wm~2, depending on the discharge voltage selected
for the laser oscillator. While the relative intensities
are well determined in this experiment through the use
of a calibrated ultraviolet calorimeter (Scientech), the
absolute intensity might well be in doubt by as much as
a factor of 5, depending on the assumptions one makes
about the temporal and spatial profile of the beam.

Fluorescence from ablated excited atoms above the
target surface was detected by standard optical tech-
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boxcar integrator the output from which was stored in
a Macintosh microcomputer for each laser pulse. Abla-
tion yields were computed by integrating over the
relevant fluorescence peak and subtracting a linear
background.

3. Experimental results

Fig. 1 shows fluorescence spectra of excited atoms
desorbed from KCl in the red and blue regions of the
spectrum. Unlike photon-stimulated desorption studies
on KCl with synchrotron radiation, we observe two
excited states of K and one excited state of Cl. The
relative yields of these states are strongly dependent on
the condition of the surface; once the surface has been
damaged by the laser, the vield of the K* atoms is
sharply diminished. Hence, the yield of K* is a sensi-
tive diagnostic for the decomposition of the surface by
metallization. The CI* yield, on the other hand, con-
tinues essentially without anv reduction for as many as
several thousand shots {6].

Fig. 2 shows this loss of intensity in the K* vield
from the fluorescence doublet at 767 nm as a function
of total absorbed photon dose, assuming that a two-

photon %band-to-band trunsition is the pri-
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Fig. 1. (a) Fluorescence from excited Q1 and K atoms ablated from a KCl target by 4 eV laser irradiation. (b) Doublet fluorescence

peaks from excited K atoms ablated from a KCl sample by 4 eV laser irradiation. The laser intensity is of order 3x10'33 Wm™2,

-

Adapted from ref_[(6).
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Fig. 2. (a) Fluorescence yields from the 767 nm doublet radiation of K* and the 411 nm fluorescence from CI* ablated from KCI,
plotted as a function of laser shot number. (b) Fluorescence yield from Li* desorbed from a LiF crystal by vacuum ultraviolet
synchrotron radiation, Adapted from refs. {6] and {14].

mary mechanism of photon absorption (see the discus-
sion section). The maximum dose for which K* yield is
observed corresponds to some 200 laser shots, at which
point one assumes that the surface is completely dam-
aged, i1.e. nonstoichiometric. For comparison, we show
a yield-dose curve for Li* desorbed from LiF by
vacuum ultraviolet synchrotron radiation with photons
of energy 22.5 eV. Note the similar behavior as a
function of dose: a rise from a low level to a rather
broad maximum, and then a gradual decrease to near
background levels.

Fig. 3 shows a fluorescence spectrum of excited Nb

and NbO desorbed from Mg: KNbO;. The vibrational

band featurc has been tentatively identified as NbO*,
highlighting the fact that in these materials ablation of
both molecules and atoms occurs. In laser-induced
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desorption from LiNbO, below the threshold for
plasma formation, observed by quadrupole mass spec-
trometry, several molecular ions and neutrals have also
been observed, including the metal monoxide NbQO and
the LiNbO; molecule [7]. In the spectrum of Fig. 3, the
resolution is insufficient to allow the extraction of a
temperature for the ablated molecules. However,
molecular emission appears to be a distinctive feature
of laser ablation from oxides, having been observed not
only in niobates, but also in the high-T, perovskite
superconductors.

One of the most obvious characteristics of laser
ablation in the oxides is the appearance of a well-de-
fined fluence threshold for desorption. A number of
examples of particle emission thresholds under differ-
ent conditions are given elsewhere {8]. A threshold
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Fig. 3. () Fluorescence from Nb* atoms and NbO* molecules ablated from Mg-doped KNbO; by an XeQl laser. (b} Fluorescence
from K* and O* ablated from Na-doped KNbO, by an XeCl laser. The laser intensity usec in obtaining both spectra was of order
6x 10" Wm~™2 Adapted from ref. {8].




measurement for K* and OF desorbed trom doped
and undoped potassium niobate is shown w1y 3 The
laser pulse energy at threshold — 30-40 mJ - corre-
sponds to fluences of order 1 Jem ™% and intuyn es of
order 108 Wem™2, which are comparable 1o the
threshold values for lithium niobate [5]. The existence
of the threshold clearly indicates that one is not in the
regime where the yield scales hinearly with the density
of electron—hole pairs. This is in sharp contrast to the
alkali halides, where the desorption yield at low inten-
sities is proportional to the density of Jaser-generated
electron-hole pairs [9]. It is also noteworthy that the
doping by Mg, in this case, seems to have little effect
on the ablation thresholds. This is surprising in view of
the way in which moderate doping of Mg in LiNbO,
has been shown to retard photorefractive damage due
to prolonged\lasu\irradiation.igliﬁe visible

(10].

We point out in passing that the apparently similar
slopes of the K* and O* ablation yield curves — of
order =3 - probably do not reflect a common physical
origin or mechanism. The parent state of the observed
O* fluorescence lies some 12 eV above the ground
state. This suggests that the O* is proportional to
ground-state oxygen atom vield, the excited state being
created by three-photon excitation or by hot-electron
impact in the ablation plume above the target.

Still another important contrast between laser abla-
tion of oxides and halides relates to the metallization
of the surface. When we measured the decrease in

vield of K* as a function of laser shot number in *

KNbO,, we noted that the excited metal signal gradu-
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Fig. 4. Threshold behavior of K* and O* yields from pure

(open plot symbols) and Mg-doped KNbO, as a function of

laser puise energy. The laser focal spot was held constant, so

that the horizontal axis is proportional to laser intensity.
Adapted from ref. (8).
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Fig. 5. Rate of decrease of K* atom yield during laser

ablation of a KNbO; sample, as a function of laser pulse

energy. Each datum represents an average of the slope

—dY(K*)/dN over 3X 103 laser shots starting with a fresh

target under conditions where the focal spot was unchanged
while the laser intensity was varied.

ally disappeared as the surface is damaged, consistent
with the picture that the surface is metallized and the
excited atoms are ionized by resonant charge transfer
as the excited atomic level comes in resonance with the
Fermi level of metallic clusters on the surface. How-
ever, in the oxides, the rate at which this occurs with
dose or shot number is strongly dependent on laser
intensity.

We sought to quantify this effect by measuring the
rate of decrease of K* yield with laser shot number,
~dY(K*)/dN, over some 3 X 10? shots, at different
laser pulse energies, beginning each trial at a fresh
spot. In Fig. 5 we display —dY(K*)/dN as a function
of laser pulse energy. The strong nonlincar behavior
indicates that at higher pulse energies, the surface is
metallized at an accelerated rate. Thus, unlike the
alkali halides, the nonstoichiometry of the damaged
laser surface depends on laser-induced defects as well
as on the primary process.

4. Discussion

In order to bring out most clearly the similanties
and differences in the laser ablation mechanisms in the
halides and oxides, we shail discuss the results in the
following order: (1) optical response of halides and
oxides; (2) metallization of the surface as the primary
electronic effect of laser ablation in halides and in
oxides due to expulsion of the halogen and oxygen
atoms or ions, respectively; and (3) the correlation




between the strength of the clectron-lattice couphng
and the characternistcs of particle enmussion. In both
cases, we discuss explicitly the role plaved by density of
electronic excitation in the ablation phenomenology; in
the case of the oxides. we also point out the effects of
thermal relaxation.

In alkali halides, the valence band is formed primar-
ily from the halogen p-states, and the conduction band
from the metallic s-states. In the case of KCI, for
example, the valence band arises from the CI(3p) states
and the conduction band from the K(4s) states. The
fundamental optical response of this material involves
a transfer of charge from the halogen to the nearest-
neighbor alkali [11]. The same kind of charge transfer
occurs in some measure for all ionic materials. Thus,
for the perovskite ferroelectric KNbO,, the upper va-
lence band comprises the O (2p) orbitals, and the opti-
cal response involves primarily charge transfer to the
Nb (4d) states [12]. e initial optical response of
both halide and oxide materials follows a similar elec-
tronic mechanism.

Here, however, the similarities between the laser
ablation characteristics of the two materials end. Pho-
ton-induced decomposition and desorption in alkali
halides have been studied extensively for one-photon
band-to-band transitions initiated by synchrotron radi-
ation, and the primary mechanism is widely agreed to
be initiated by the decay of the self-trapped exciton
(STE) into an F-center—H-center pair. The dissociation
of the H~enter (an X,- molecule) near the surface
produces a desorbing X° and a bound X, while the
recombination of an F-center with a surface alkali-
metal ion leads to thermal desorption of a neutral
alkali atom, usually in the ground state. The exact role
of surface metallization in the production of excited
alkaii atoms is still unclear, but there is no reason to
doubt the fundamental correctness of this picture.

One might think that the laser-induced ablation
mechanism for the halides would be fundamentally
different from that inferred from the low-intensity syn-
chrotron experiments, where the photon flux is only of
order 10'2 photons/s over a larger beam spot. How-
ever, for the Jaser parameters in our experiments with
KCl, with peak laser intensities of order 10’ Wm ™2,
the local density of electronic excitation is low because
creation of the self-trapped cxciton whose decay initi-
ates the expulsion of a halogen atom requires a two-
photon excitation.

The probability of a two-photon transition may be
estimated using a simple physical picture [13]. The
intensity / of the laser in a unit cell of material with
volume V = L3 for a laser wavelength A is just

/ energy/photon 1 he/A 1

X area =mL/(c/n) JEN )

transit time

where meoas the mean photen ramber wod oo the
imdex of refracuon. Henee,

nlvA

he*

nt =

Assuming that the laser photons obey Puisson statis-
tics, the probability of n photons being simultaneously
in a volume of space having an average photon occupa-
tion number m s

m”" m”
P,,=—’-lTe""En—!, m<n, (3)

where m is given by eq. (2). For KCl and an XeCl
laser, band-to-band excitation requires n =2, and, for

a laser with the intensity t}'pical of the KCIl experi-
ments and a unit cell 6d-A on a side, {14] we find 22
P, = 1077, Thus, even at the highest laser intensities
used in these experiments, the density of electronic
excitation remains low in KCI; to reach high excitation
density, say, P, = 103, one would have to increase the
laser intensity by four or ic s of magnitude!

Therefore, at low excitation density and in solids
with strong electron—lattice coupling, we should expect
to see only ablation of ions and atoms just as in the
case of photon-stimulated desorption initiated by sin-
gle-photon band-to-band transitions [15]. In this work,
it was demonstrated that progressive radiation damage
eventually extinguishes the K* emission from excited
atoms, probably by resonant ionization a- the Fermi
level of the metallized surface rises into the insulator
band gap. Indeed, as shown in fig. 2, the desorption
yield, when scaled as a function of absorbed photon
dose required to produce the band-to-band transition.
Is qua:itatively similar for both laser and vacuum-ultra-
violet irradiation of alkali halides. The difference in
total required dose between the two cases — approxi-
mately an order of magnitude when corrected for the
finite reflectivity of the surface — may reflect the change
in absorption for the laser photons once the surface
begins to decompose. Such a change in single-photon
absorption would signal the onset of a regime in which
ablation yield is a strong nonlinear function of laser
fluence or intensity.

Irn the niobates, laser ablation appears to result
from a mixture of electronic and thermal effects, possi-
bly changing from electronic to thermal within the
same laser pulse. As long as the laser fluence remains
below the threshold for plasma ignition, the primary
process of particle ejection in the niobates, as in the
alkali halides, is the energetic expulsion of the non-
metallic component of the compound, in this casc
oxygen. In LiNbO,, for example, mecasurements of
Nb* and O* yields before and after subthreshold laser
irradiation show a depletion of O ions in the ablation
pit; scanning electron microscopy confirms that there is
melting and refreezing subsequent to laser irradiation,
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behavior ot LINbQ, as a guide, th initial bdnd to- b.md
excitation tran<fers electronic charge to the Nb ions,
creating Nb** small polarons {16]. These small po-
larons cause localized distortions in an ionic lattice
which are sufficient to initiate nuclear motion in a
lattice as near the edge of stability as a ferroelectric.
Once such an Nb-polaron reaches an alkali site, there
is little resistance to further motion because of the
soft-mode relaxation of the lattice [16]. When this
happens near the surface, particle emission begins.

As more and more laser energy is absorbed by
band-to-band transitions, the relaxation by electron-
lattice coupling heats the crystal, increasing the optical
absorption {17] and initiating the nonlinear process of
ablation. At these higher fluences, thermal effects
dominate the process, and indeed, there is evidence
from the shape of yield vs intensity curves for KNbO,
that melting occurs for laser pulse energies in the
range of 80-100 mJ [8]. The changing balance between
the thermal and electronic ablation processes can be
inferred from -the measurements of —J Y(K*)/dN

~ shown in fig. 5. This-measurementmakes—tt-elear-tinat
%) Cleany

the nonlinear destruction of the surface is dramatically
hastened once the laser fluence exceeds a level of
approximately 3-5 Jem ™2

Another contrast between halides and oxides is that
in the former, we observe only atomic and ionic emis-

sion at these fluences, while in the latter, neutral *

molecules and molecular lons are also ablaled \A.L

sion requires the participation of at least the nearest
neighbors in the lattice during particle emission, and
that this should be a general phenomenon in solids
which have moderate-to-weak electron-lattice cou-

pling. For evample, )@}MMM@W

~Jrss-gndanides, emission of vibrationally excited, but
translationally cold, AlO was observed in ultraviolet
laser ablation of Al,0,[18].

5. Conclusions

We have measured the ultraviolet laser ablation
yields from KCl and KNbO, for a photon energy of 4
eV over a range of intensities up to 3 X 10" Wm™2
The two samples studicd represent materials with
strong and intermediate electron-lattice coupling, re-
spectively, and-exhibit-differing physical-mechanisms-
Jeading-to-ruclcar-motion-and-particle-emission—The
mmema&—evﬁence—suggests—that'ﬁxe laser ablation

mechanism observed in the KCl experiments at low

clectronic excitation density/'l/,*at least in its inttial
eems to be,

i
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siaoe of i cand ongte

stages, the same as that tound an vecaem ulirevialet
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by its decay into F- Huntu pairs. Only 1ons and
atoms are observed as ablation products. In the oxide
mitenial, on the other hand, the reduced electron—
lattice coupling strength leads to molecule emission,
while the high local density of electronic excitation
produces a nonlinear dependence of the surface metal-
lization rate. Both of these features are evidence for
the role of laser-induced electronic defects in the abla-
tion process, even at the highest laser intensities xR re—

thefhal-effects-apparently-dominate—
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. PRODUCTION OF MOLECULAR CLUSTERS OF LITHIUM NIOBATE
BY ULTRAVIOLET AND VISIBLE LASER ABLATION

K. 1. HAGLUND, Jr.,” K. TANG,” and C. H. CHEN"

*Haglund and Tang  Department of Physics and Astronomy, Vanderb.it University,
Nashville, TN 37235
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ABSTRACT

We have investigated laser ablation of molecular ions from the ferroelectric LINbO3 at 532, 355
and 266 nm, comparing the effects of changing wavelength and intensity. The time-of-flight
spectra show great sensitivity to the onset of plasma formation. Just below the plasma formation
threshold, production of the monomer, dimer and trimer negative molecular ions were observed.
Possible implications for thin-film deposition processing are discussed.

Introduction and Motivation

Laser ablation is the basis for a number of thin-film growth, interconnect
and waveguide processing technologies.[1] In many of these applications, laser
ablation may be compete with or complement traditional ion-beam techniques
such as ion-beam sputtering and rf sputter deposition. However, in spite of the
scientific and technological importance of laser-ablation thin-film deposition,
relatively little research has been devoted to microscopic physical mechanisms of
laser ablation from ferroelectrics, and there exist almost no studies correlating
the parameters of laser ablation to quality of film growth.[2]

We have recently shown in studies of uv laser ablation from LiNbO3 [3] and
KNbO3 [4] that molecules are desorbed intact at low fluences. The ability to
deposit molecules or molecular clusters may have important implications for the
growth of uniform, dense thin films on appropriate substrates. In this paper, we
present studies of laser ablation of molecular ions and clusters from LiNbO3.
Our motivation is both technological and scientific: In thin-film growth, one
wants to identify the regime of laser ablation which produces the most uniform
possible thin-film deposition of these materials. From the perspective of optical
physics, on the other hand, we are interested in the ablation mechanism as changes
in laser wavelength and intensity move us from low to high optical absorption and
local density of electronic excitation.

Experimental Apparatus and Measurements

The experimental setup is shown schematically in Figure 1. Samples of Y-
cut LiNbO3 crystals from Crystal Technology were mounted in an vacuum
chamber with a base pressure of 10-9 torr provided by a Balzers turbomolec-ular
pump. The ablating laser was a Quanta-Ray Nd:YAG DCR-2A oscillator-
amplifier, with an harmonic generator-separator combination producing intense
pulses at the second (532 nm), third (355 nm) and fourth (266 nm) harmonics of
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the infrared tundamental wavelength (1064 nm). The pulse length varies slightly
for the three ‘nmnomu ranging from 6 ns at 532 nm 10 about 4 ns IWVHM at 266
nm. The faser oporwos annoe Jar with inier and v dian oo of 0 and 7.5
mn, respectively: more th‘m 959 of the ldsu light 15 umuuumud In an area of
approxnmnclv 0.3 cm2. In some cases, the laser lwht was focused onto the target
at normal incidence by a 50-cm focal length lens to  form a focal spot which varied
according to the distance between lens and target.

Positive and negative 1ons desorbed from the surface were accelerated to an
energy of up to 2.5 keV, traversed an 85-cm field-free drift tube, and were
stopped in an aluminum foil. Secondary electrons from the stopped ions were
detected in a Johnston multiplier structure. Single-shot spectra were recorded for
the most part using a Hewlett-Packard 52401 A digitizing oscilloscope. The time-
of-flight spectra were precisely calibrated on a Tektronix RTD720 real-time-
digitizer using both the Lit+ ion from lithium niobate (coming 3.7 ps after the
zero-time start signal) and K+ from pure KI crystals (8.66 pus). The mass
identification was corroborated by checking the isotope flight times and relative
abundances for these two elements.

20
30
4
ELECTRON
T™M PUMP MULTIPLIER
STOPPING / DIGITAL OSCILLOSCOPE
FOIL (Al)

Figure 1. Apparatus for uv laser ablation measurements.

Figures 2 and 3 show typical time-of-flight (ToF) spectra obtained by
recording the output of the Johnston multiplier for a single laser pulse. The
positive ion spectra frequently showed K+ ions, apparently stemming from
surface contamination of the sample. The spectral feature with regularly spaced
peaks around mass 224 a.m.u. (22 ps) appears to be due to niobium oxide clusters;
the peak corresponds to NbzOs*, the maximally valent niobium-oxide compound.
The spacing of the peaks corresponds to a mass difference of 16.1 a.m.u. These
clusters may also come from oxygen clusters breaking up from a parent cluster in
the ToF tube. We observed some differences between the positive-ion spectra
taken at different ablation wavelengths. For example, for the third harmonic at A
= 355 nm, the cluster peaks below mass 224 are suppressed and a strong NbyO+
peak appears at 19.9 ps.
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hthe negative-ton spectra, the electrons provide the “zere tme™ signal, and
are also an important indicator of thic onset of plasma Joimation at hivher laser
intensities. The most notable feature of the negative-ion ‘Tol< spectra is the
appearance of (LiNbO3)- dimers and trimers, although there 1s also a strong O-
peak at about 6 ps. This identification of the lithium niobate molecular-ion
clusters is confirmed by verifying that the time of arrival goes up as the square
root of the mass ratio. Interestingly, the dimer and trimer peaks are most
pronounced in the 266 nm ablation, and appear as well-defined peaks only at the
lowest fluences for 355 nm ablation.

Figure 2. Positive-ion time-of-flight Figure 3. Negative-ion time-of-flight
spectrum from 266-nm laser ablation spectrum from 266-ni laser ablation
of LINbO3. The vertical scale is SmV  of LiNbO3. As in Fig. 2, the vertical
per division; the horizontal scale is S s scale is 5 mV/division; the horizontal
per division. scale is 5 ps/division.

The optical response and the character of the laser ablation can be expected to
change based on the relationship between laser wavelength and optical gap. As
shown schematically in Figure 4, the bulk conduction-band edge of LiNbO3 lies
almost exactly 4 eV above the bulk valence-band edge; the cross-hatched region
below the band edge indicates the energy levels of excitons, impurities and
possible surface states. 1t is clear from this diagram that the 532-nm light induces

100

266 nm 355 am 532 um

501

A

SR
N
(SRR INNRRZRRINENIN m [ ] ¥
: )
= i
Yield of LiNbO3 Ions
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Figurc 4. Energy level diagram for Figure 5. Yield of LiNbO3- vs. laser
laser ablation at the three wavelengths intensity for wavelengths of 266, 355
used in these experiments. and 532 nm.
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mterband tanstions onhy by two-photon excitaiion, winde tiie 20> nm hght may
causc clectronic transitions leading to abliation hy CXIt mon ol surface states or
defects ard e o6 nm lieht prodec s sor bty e ke s \n1”]<~p]u)an
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thresholds and intensity dependence ot the ablation yields will varyior the three
wavelengthe,  iNate 1 particular e tougn conelation between the intensity

dependence of the vields for the two-photon-induced laser ablation at 532 nm and
the single-photon laser ablation case at 266 nm.

In Figure 6, we compare the time-of-flight spectra for the negative ions
recorded at all three laser wavelengths at low, intermediate and high intensities.
The broadening of the electron pulse and the other (LINbO3)p~ peaks is quite
pronounced as the intensity increases, indicating the onset of plasma formation.
Moreover, above the threshold for plasma formation, the monomer, dimer and
trimer peaks all begin to show contributions from both fast- and slow-velocity
components. This probably indicates two distinct ablation mechanisms at work at
the highest intensities, one related to plasma processes and one arising directly
from the laser-surface interaction. The other feature of the negative-ion spectra
indicating wavelength-specific electronic effects is the changing behavior of the
O- peak as a function of ablating laser wavelength. No convincing evidence for
Oy~ ablation was seen.

, ; | . | o
‘ Trimgr ' o o R
1 Dimer i
LiNbO3 J
532 nm 355 nm 266 nm
I = 16.7 MW/cm2 | 1= 16.7 MW/cn?2 I = 64.17 MW/cm2
- v 3, AT " YT (S Vannd By : § .
v m ‘ A : ’ v
‘ i
I = 38.9 Md/cm?2 1 =26.7 MW/co? - I = 6.67 MW/cm?
e I LA R WY aa Sy (T e TN _}V—*‘\ﬁwf' T T
E at? .
; / i ! g

I = 44.4 MW/ cm? } I = 33.3 MW/ cm? 1 =12.5 Md/cm?

Figure 6. Comparison of negative ion spectra from lithium niobate at laser
wavelengths of 532, 355 and 266 nm (left to right) and at low, moderate and
high intensities (top to bottom). Vertical and horizontal scales are the same in
all the spectra; peaks of interest are identified.
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© Prony the negative ton spectia, the bese bt oo Clusters are those
formed for ultraviolet faser ablation (266 nmy. Fhere one has signiticant yield
even at low laser tluences, and the complications of other atomic species or the
problems of broad velocity groups seem to be the least neticeable.

Discussion: Mechanisins of Ablation

Jn laser ablation by nanosecond pulses, the energy of the mcident photons is
deposited by electronic excitation; nuclear motion leading to particle emission
occurs by electron-lattice relaxation following the initial excitation. The details
of this nuclear motion vary with local density of electronic excitation as well as
with the electron-lattice coupling.|5] In ferroelectrics, the previous laser
irradiation history of the surface also changes the ablation yield characteristics,
probably due to formation of color centers and/or other long-lived electronic
defects. It is important to bear in mind that, for nanosecond pulses, both the
relaxation processes and the formation of electronic defects can occur before the
exciting laser pulses is over.

The characteristic features of laser ablation from specific materials are
intimately connected to the relative energies of laser photons and the bulk band-
gap encrgy. Lithium niobate 1s a 1lmenite structure with about one-third metal-
ion vacancies.[6] The valence band of LiNbOj3 is formed principally from the 2p
orbitals of the oxygen ions; the conduction band is made up primarily of the Li
and Nb orbitals. Both the linear and nonlinear optical response of the materials is
primarily interatomic. {7] Below the threshold for plasma formation, particle
emission results indirectly from the creation of holes on the oxygen ions and the
consequent transfer of electronic charge to the metal ions. The initial band-to-
band excitation transfers electronic charge to the Nb ions, creating creating Nb4+
small polarons.[8] These small polarons cause localized distortions in an ionic
lattice, distortions which are sufficient to initiate nuclear motion and provide the
driving force for the initial ionic motion and, ultimately, particle ejection from
the surface.

In our experiments, the local density of electron-hole (e-h) pairs is low for
532-nm irradiation, because the probability for two-photon band-to-band
transitions is of order 10-8 and only a relatively small fraction of the surface and
near-surface ions are affected by laser irradiation, at least in the early stages. The
local density of e-h pairs is modest for 355 nm irradiation, since it can only excite
surface or defect states; however, the efficiency for desorption may be high in this
case precisely because so many of the photoabsorption events occur in the near-
surface region. Finally, the local density of e-h pairs is high for 266 nm
irradiation, because the probably for e-h pair creation is essentially unity.

As more and more laser energy is absorbed by one- or two-photon band-to-
band transitions, relaxation by electron-lattice coupling and absorption by laser-
induced defect centers heats the crystal, increasing the optical absorption [9] and
initiating the nonlinear process of ablation [10]. At these higher fluences, thermal
effects dominate the process and, as we have shown for KNbQO3, catastrophic
destruction of the surface proceeds rapidly. At this point in the laser ablation
process, the rubric “thermal” is usually applied and may well be justified.
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However, 1t as essential to realize that, even m this ceel sienificant electronie
intluences remain frons the carliest stioex of Leer ormtions o shown by the
different viel '

With respect to thin £l denasition of lithium niobae . the identificntion of the
ablation characteristes producing o preponderance o1 molecular clusters is of
particular interest. These could, for example, be mass selected to generate a beam
of LINbO3 clusters for subsequent "cluster assembhv™ of the thin film. a process
which has been shown already to produce superior resulis in many thin-film
fabrication processes. Another possible application is in the area of optical
interconnect technology, where one wishes to attach oxide fibers to LiNbO3
waveguide or other devices. Interconnects "drilled” by laser ablation would be
problematical if, as we have shown to be the case at intensities above a few
GW-cm-2, the surface becomes metallized by the preferential ejection of oxygen
atoms or ions. On the other hand, ablation of molecular clusters should leave
behind a surface which is essentially stoichiometric, permitting direct attachment
of fibers without any significant optical losses. Verification that the LiNbO3
surface indeed remains stoichiometric following ablation is a high priority for
future experiments.
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Abstract. We have carried out high-sensitivity measurements of the emission of Ga® neutrals
from a clean GaP(110) surface induced by laser pulses of subgap photon energies. We found
that, below a sharp threshold laser fluence for evolution of surface da.nage, the emission
yield of Gu® atoms decreases, following two exponential functions, with repeating pulses of
the same fluence. These two decays are ascribed to the ejection initiated by defects of two
different types. These measurements are shown to be useful for characterizing defects of
extremely small concentration.

Theie is increasing interest in identifying, characterizing and controlling small con-
centrauons of surface defects over a relatively large area in electronic and photonic
materials. This capability is important both for technological reasons, as in the fab-
rication of multiple-quantum-well devices, and for basic scientific studies of surface
elecrronic structure. However, most current techniques for microscopic surface analysis
do not have this capability. For example, scanning tunnelling microscopy [1] has an
extremely high spatial resolving power but can only evaluate defects quantitatively over
a rclatively small surface area.

In this paper we report the first demonstration that laser-induced particle emission
monitored by resonance ionization mass spectroscopy successfully differentiates
between several types of defect in the topmost atomic layer of a GaP specimen. In
addition, we show that certain of these defects can be eliminated from the surface by
prolongedirradiation of the surface without producingcrystallographicdamage. Finally,
we show that this same technique is able to provide significant clues to the nature of the
defects responsible for laser-induced surface damage above a certain fluence threshold.

The specimens used in this experiment were n type (S-doped) GaP single crystals
measuring 10 mm X 10 mm x 2 mm. The wide face parallel to the (110) plane was
mechanically polished, chemically etched and finally cleaned by Ar* ion bombardment
and thermal annealing in ultra-high vacuum (base pressure, less than 2 x 107¥ Pa) [2,
3]. After cleaning, the surface showed a clear (1 x 1) low-energy electron diffraction
(Lt +-1>) pattern and no Auger signal due to surface contaminations was detected. The
surtace was bombarded by an excimer-pumped dye laser at a wavelength of 600 nm and
a pulse width of 28 ns. The laser beam of this wavelength is capable of exciting the

(953-3953/91/367001 + 06 $03.50 © 1991 IOP Publishing Ltd 7001
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ciectrons in the valence band to the unoccupied surtiace states located U.3 eV below the
conduction band [4] but not of inducing band-to-band transitions. Hence the heating of

peosuttace laver is extremely small [ This pump” Lser beann which was made as
wiitorm as possible using apertures and lenses. was incident on the specimen at an angle
<145 from the surface normal. The beam spot on the surface was 0.5 mm in diameter.

Emitted neutrals were observed with high sensitivities using the resonance ionization
spectroscopy (RIS) technique [6] as reported elsewhere [7]. Frequency-doubled light
trom asecond excimer-pumped dye Luser was used to excite the “Py - to “D; - transition
uf Ganeutrals, while the fundamcatal beam from the samc faser (at 574,82 nmj ionized
vxcited Ga neutrals. The RiS laser was triggered about 5 us after the pump (desorption)
luser and passed parallel to the surface at a distance of 2.0 mm. Ga* ions were detected
with a channeltron, the signals of which were stored in a microcomputer.

We measured the Ga' yield from the GaP(110) surface induced by repeated
irradiation with laser pulses of a fixed laser fluence on the same spot. Figures 1(a) and
i) show typical results for the yield Y of Ga® neutrals per pulse as a function of the
number n of laser shots at laser fluences of 1.0J cm™? and 1.2 J cm ™2, respectively. A
nreviously unirradiated spot of the sample was bombarded repeatedly by laser beams
ot cach fluence. The fluctuation of the fluence of the laser pulses at ¢cach “fised” fuence
was about 5%. Asseenfrom figure 1(a), Y decreases initially with increasing n, approxi-
mately following an exponential relation, and reaches nearly a constant value, which
deereases very slowly and lasts over 8000 pulses. The ordinate is given in arbitrary units,
o! which unity approximately corresponds to the removal of atoms in a 107° monolayer.
We refer to the decreasing component as the A component and the nearly constant
component as the S component. The LEED pattern obtained on the laser-focused spot
was unchanged after 8000 puises.

On the other hand, above afluence of 1.2 ) cm ™2, arapid increase in Y withincreasing
nis seen as shown in figure 1{b). We note a remarkable difference in the Y-n relation
by changing the laser fluence by only 20% across a critical fluence I of 1.1Jem™2.
Above the critical fluence, each spot of the LEED pattern became weaker after several
hundreds of laser shots. Thus we ascribe the increase in Y with increasing n (referred to
as the D component) to the evolution of damage on the surface. We note that at the
initial stage of evolution the number of atoms emitted by each laser pulse is small, nearly
of the order of 10® monolayer, and that the number of atoms starts to increase if initial
damage is produced on the surface. Thus itis clear that the mechanism of initial damage
occurs without emitting a large number of atoms and hence is purely electronic.

Since theemission yield of Gaatomsis reduced by repeating laser pulses, even though
the surface remains undamaged, the A componentinthe Y-nrelationisundoubtedly due
to defect-initiated particle emission. We assign also the S component to defect-initiated
particle emission for the following reasons. First no change was observed in the LEED
puttern after 8000 shots. Second. no increase in Y was observed even at n = 8000, while
an increase in Y is seen at n = 20 for a fluence larger by only 20%. Suppose that both
thie S and the D components were due to the evolution of the damage on the surface,
then we should see a rapid increase in the probability of destruction of perfect sites as
the laser fluence is increased; indeed the yield should follow about the thirtieth power
o! the laser fluence if Y is a power function of the laser fluence. Since such a high power
dependence is unrealistic, we consider that S emission and damage mechanisms are
distinct. Thusitisclear that two completcely different types of defect can be differentiated
by measuring the dependence of the yield on the number of shots.

The number dNg(n)/dn of atoms emitted by a laser pulse for the A and S components
cun be fitted to exponential functions Y, exp{ — an), with Y, = 3.0 (arbitrary units), & =
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Figure 1. Plots of Ga" vield from the GaP(11u)
suitace as a function of the number of laser shots
stiuencesof (@) 1.0 em “and (b) 1.2 em 7. A
Hew spot wis exposed to the faser beam at the
startof the experimental run tor each fluence und
the same spot was irradiated repeatedly. Three
tyiucal features of the Ga® yield as a function of
the number of shots. decreasing, constant and
increasing, are referred to as A, § and D com-
ponents, respectively.
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Figure 2. Dependence of Ga' yield on the laser
fiuence for sequential irradiation of the GaP(110)
surface: data 1. the laser fluence was increased
pradually; data 2, the taser fluence was kept con-
stantat /. = 0.85 ) em ?; data 3, the laser fluence
wias decreased gradually; data 4 the laser fluence
wis kept constantat /; = 1.35J cm ™. The arrows
beside the plots show the direction of the change
by the sequential irradiation. The threshold laser
fluences [, /s and I (see text) are indicated by

vertical arrows.

1.1 x 1072, and Y, = V.12 (arbitrary units), & = 7 x 163, respectively. If the emission
ot atoms is initiated by defects, the number of atoms emitted per laser puise is pro-
pourtional to the defect concentration on the surface: dNg(n)/dn = nNp(n), where 7 is
the vield and Np(n) is the number of defects after the nth shot. It follows that Np(0) =
Y./n = (Yo/a)(a/n). We obtained the ratio for Y,/a for the S and A components to be
6.3. '

The laser-induced particle emission varies superlinearly with laser fluence (8, 9).
‘Therefore, one can define an apparent threshold laser fluence above which the particle
cmission is observed. In order to find the threshold laser fluence for particle emission
initiated by each type of defect, we carried out an experiment, for which the results are
show~ in figure 2. In this experiment we irradiated a new spot on the surface starting
from low laser fluences and obtained Y as a function of fluence, as shown by data 1. The
th.reshold laser fluence I, of 0.07 J cm ™2 can be ascribed to the A component. Next we
repeated irradiation at fluences near I, = 0.85 J cm ™, where Y was decreased as shown
by data 2, removing the A component remaining after irradiation at low fluences. When
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the threshold tluence tor the S component. When the laser fluence was fixed at [, =
AN em s above [0 Y was increased with crcasing s g showi by data 4 £, can be

regarded as the threshold fluence for the D component.

Since the A componentis eliminated at the fowest Liser fluence, + o suggest thatitis
due to elimination of an adatom-type defect. i.c. a defect which, after the emission of
Ga atom, leaves cither the perfect configuration or another defect configuration with a
higher stability against laser irradiation emerges. In this case, Ap(U) = Yy/a and Lience
a/n = 1.1fa/n = 1holds for the S component, Npp(0) tor the S com; Lientis higher than
forthe A component. Alternatively, if we consider thata /1 < i iorthe Scomponent, the
defect concentrations of the S component can be the same and even less than those for
the A component. a/n < 1 may result if particle emission arises from the kink sites of
steps; removal of an atom transfers the defect site to the nearest-neighbour site, keeping
the structure of defects unchanged untilanother type of defect emerges. We are tempted
to take the latter alternative and refer to the defect that gives rise to the S component as
a step-type defect which, after the emission of a Ga atom, leaves a site which has nearly
the same stability as before the emission. If the particle emission is initiated from a
vacancy cluster, neighbouring sites are destroyed and hence the size of the cluster
increases as irradiation proceeds. Therefore the D component can be ascribed to vac-
ancy-initiated particle emission, although the possibility that the D component arises
from defect-free sites cannot be excluded.

We did not measure the ejection of P atoms, for which no dye laser for Ris is available
at present. No other technique can detect the emission of P atoms with the sensitivity at
which Ga atoms are detected. Since the yield continues to decrease, we presume that
the stoichiometry is maintained on the surface to a certain degree, and hence that
cjection of either Ga or P atoms, whichever is strongly bonded, will be the rate-
determining process.T We expect that nearly the same amounts of Ga and P atoms are
ejected by alaser pulse and no substantial difference should exist whether measurements
of Ga or P atoms are carried out.

Defect-initiated ejection of atoms is induced if the interaction of electrons and
holes with defects causes substantial bond weakening or causes asymmetrical lattice
relaxation, leading eventually to atomic ejection [9]. Local lattice relaxation around
defects by trapping an electron an-d/or hole in the bulk of solids is well known [10].
Because of the superlincar dependence of the emission yield on the laser fluence, we
should assume that at least two excitation events are needed for particle emission.
Therefore we suggest that localization of two electron-hole pairs at defect sites causes
Ga" emission. The occupation of two holes weakens the binding of the emitted atom,
and the electronic excitation energy possessed by two electron-hole pairs is converted
to the fattice energy needed for the emission of the atom. The process of two-hole
localization can be regarded as a negative-U interaction, in which two holes can be
localized at a defect site when (U — E,y) <0, where U is the on-site hole Coulomb
repulsion energy and E, g i the lattice relaxation energy {11]. The superlinear relation
between emission yield and laser fluence has been explained in terms of the screening
of Coulomb repulsion [12] and of the degeneracy of the electron-hole plasma [13]. In
each case a larger laser fluence is needed to emit atoms from the defect sites for which
the negative-U attractive potential is smaller.

t If the stoichiometry is changed, the vield is considered to increase as is the case above the threshold.
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Table 1. A Born-Huber ovele describing the two-hole mechaniam of Gua™ neatral emiae o
Propertect lutnee 28 - 00 0 H

Fl-»2c+ Zh lE,

Defect + 2h — tdefecty., [

{Detectyy, + o=+ Ga'tvacuum) « tdetecty, o, -F o,

Ga'"vacuum) + (defect) ., 0 — FU + detect -k,

According to the results in figure 2 farger laser luences are needed to emit particles
inttiated by defects in the order of AL S and D types, while we presume that the emitted
Ga'atom is bonded more strongly in this order {14]. In order to correlate the threshold
laser fluence or £y with the bonding strength or vaporization energy £, we used a
Born-Haber cycle shown in table 1. Firstly, two electron-hole pairs are produced from
the perfect lattice site on the surface by putting twice the surface gap energy, 1.€. 2E,,.
cqual to the energy difference between the occupied and unoccupied surface states.
Secondly, two holes are localized at a defect site; U is needed for putting two holes on
the same site and twice the trapping cnergy, i.e. 2£, 1s emitted. The electron may be
loosely bound by two localized holes. Thirdly, the two-hole and two-election localized
state described above relaxes by ejecting Ga’, leaving the defect with a missing Ga’;
here E, g is gained. By putting a Ga” atom back on the defect with the missing Ga®, the
initial perfect lattice with the defect is gained at a cost of £, ,. Since the total energy for
the cycle is zero, we obtain

U_ELR=Evap_2EcI (])

where £, = Ey,, — E,istheelectronicexcitationenergy atthe defectsite. £, is approxi-
mately the difference between z £, and the relaxation energy after vaporization, where
L 18 the cohesive energy per bond and z the number of bonds. Since E g, is about
1.7 eV [15], we expect that the value of U — E| can be negative. For most strongly
bonded atoms, £ is larger and hence E\ g is smaller. This may explain the experimental
results that a higher laser fluence is needed to emit atoms from adatoms, steps and
vacancies in increasing order.

In conclusion, we showed that defect-initiated particle emission from the GaP(110)
surface is indeed observed for laser pulses of subgap photon energies. The results can
give information on extremely low concentrations on the GaP(110) surface. Atleast two
tvpes of defect have been distinguished by observing the variation in Ga® yield as a
function of repeating laser pulses of subgap energies: A type or adatom type and S type
orsteptype. We observed also avery sharp threshold laser fluence for damage evolution,
which may be ascribed to vacancy-initiated particle emission. The difference in the
threshold laser fluence for ejection of defects of each type and the dependence of the
vield on the number of shots are shown to be utilized for charactenzing surface defects
as low as 107% in concentration.
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We have measured the effects of submonolayer oxygen adsorption on laser-induced Gua" and Ga® emission from GaP(110)
surtaces T0os found that oxygen adsorption enhances that component of the Ga' enission vield which decays rapidly as irradiation
is repeated, but not the Ga™ emission vield. The results are interpreted in terms of bond weakening due to the interaction of

st e detects with adsorbed oxygen.

The interaction of oxygen molecules with -V
compound semiconductor surfaces has been stud-
icd extensively by many groups {1-12]. UPS stud-
ics on GaAs [1-3] have shown that oxygen
molcecules chemisorb dissociatively at room tem-
perature on surface defect sites for coverages less
thun 0.1 ML. At low oxygen coverage, the Ga
photoelectron signals are most strongly affected
by oxvgen. At coveraes in excess of 0.1 ML, on
the other hand, both As and Ga photoclectron
stenatls are influenced by oxygen. Since the initial
onmveen uptake depends on the quality of the
cleavage [6], the low-coverage adsorption site has
been identified as a Ga-derived surface defect.
However, this has not been confirmed because it
is Jditficult to observe photoemission directly from
the defecet sites on the surface, due to the small
concentration of defect sites.

In this Leter, we report the cifect of oxygen
adsorption on the yield of Gu" and Ga* emitted
from GuP(110) surfaces by repeated laser irradia-
tion. ‘The results show that the laser-iaduced Ga"

cemission 1s influenced by oxygen adsorption, and
suggest that oxygen atoms weaken the bonding of
the surface Ga atoms around defects where the
initial oxygen adsorption occurs.

The correlation between the laser-induced
emission and defects on surfaces has been shown
by recent investigations of laser-induced ¢jection
of Ga" and Ga* from cleaned GaP(110) surfaces
at photon cnergics below the band gap [13,14).
These investigations have shown that, for laser
fluences below 1.0 J/cmz, the damage or ablation
threshold, the yield of Ga" and Ga* decreases
rapidly from its initial value, and then continues
decreasing slowly under repeated pulsed-laser ir-
radiation on the same spot for a fixed laser flu-
ence. Since the (1 x 1) LEED pattern of the
GaP(110) surface does not change cven after
8000 shots at this range of laser fluence, the
reduction has bcen ascribed to the defect-ini-
tiated emission of Ga” and Ga*. Experimentally
onc observes a rapidly decreasing component of
the yield (A), and a component (S) which de-
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o onby siowe g function of shot number,

oo A componess asenbed 1o detect contam-
a ooseh bonood Ga'oand becomes stable
atrer chinunation o o Ga atom: the S-component
soat- oo be el od o emssion from Kink or

siep sites, the nuniber density of which remains
virtually unchanged after removing a Ga atom.
Thus, since the change of Ga" and Ga™ emission
viclds Y as g tuncuon of shot number 1 appears
to be sensitive to different types of surface defect
sites. this technigue may be useful for studies of
the mitial interaction of oxygen atoms with defect
sites on compound semiconductor surfaces. The
crission yield for both the A- and S-components
varies superlinearly with laser fluence, exhibiting
an apparent threshold laser fluence, which can
also berused to characterize the defects on sur-
fuces [13].

I'he pulsed lascrs for exciting the surfaces
Cpump” laser) and for ionizing the sputtered
Ga' (probe™ luser) are obtained separately by
excimer-laser-pumped dye laser systems, both of
which uenerate luser pulses of 28 ns duration.
The pump laser was tuned to a wavelength of 600
mmn for selective cacitation of electrons of the
valenee band to an unoccupied surface state, and
wis focused on a sample surface to a diameter of
0.4 mm. The fluence was varied between several
tens and several hundreds of mJ /cm? by putting
fiiters on the path of the laser beam. The photon
cnergy of the probe dye taser was tuned to a half
ot the “Py,-*D. , cnergy and the frequency-
doubled beam was used for excitation and the
fundamcental beam for ionization of the excited
atoms. Ga™ emission vield was measured without
firing the probe laser. Time-of-flight measure-
ments were made to confirm that Ga* is indeed
coutted. The probe laser pulse was delayed by 3.0
u~ from e pump laser pulse and passed parallel
1o the surface at a distance of 2.0 mm. The
charged particles were detected by an electron

multiplicr in a shiclded box, placed 2.0 cm in~

front of the sample.

Samples of GaP(110) were etched chemically
to remove damage introduced by polishing and
then mounted to a Ta sample holder. Following
repeated cycles of Ar* bombardment (1 keV, 3
wA/em”) at 4007 C for 30 min, followed by an-

Frrecty of oxvgen adsorpiion on doser-ndicced sy trom G
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Fig. 1. The 28 ns pulsed laser-induced emission yield of Ga"
as a function of the number of shots on clean and oxygen-ex-
posed GaP(110) surfaces. The irradiation was started at the
clean surface and oxygen was introduced as indicated in the
fipure at respective exposures. The laser fluence used is (.8
J/cm* (below the damage threshold).

nealing at 600°C for 15 min, a sharp (1 x1)
LEED pattern was observed and no residual oxy-
gen and carbon on the surface was detected by
Auger electron spectroscopy (AES). Oxygen ex-
posures were carried out at room temperature
with all heated filaments in the UHV chamber
turned off, so as not to produce excited oxygen
molecules or atoms. Oxygen coverage was esti-
mated from the intensity ratio of the O(KLL) and
P(LMM) AES lincs.

The yield versus shot number curve Y{(n) for
Ga® emitted during repeated irradiation on the
same spot of GaP(110) surfaces before and after
exposures to 103, 10, and 10° L O, is shown in
fig. 1. The laser fluence was 0.8 J /cm?, below the
threshold for surface damage. Oxygen exposures
were begun after the A-component of the desorp-
tion yield disappeared, while the S-component
still remained. Immediately upon oxygen expo-
sure, a rapidly-decaying component of the Ga"
emission reappears even though the laser fluence
is held constant. The threshold laser fluence
above which the Ga" emission can be observed
after 10* L oxygen exposure is 0.38 J /cm?, com-
parable to the threshold fluence of 0.35 J/cm?
measured for clean,-previously unirradiated sur-
faces.
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Iy 2 The megrated Ga' enmission yield (open arcles) of the

tapidly decreasing component from oxygen-adsorbed GaP(1 1)

sutfaces as o tunction of exposure 1o molecular oxygen. The

oavveen coverage determined by Auger analyses is also shown
by closed circles. Lines are only guides for the eye.

The total Ga' emission yicld of the A-compo-
nent and the oxygen coverage on the surface are
displayed in fig. 2 as a function of total oxygen
expostire. Oxygen coverage on the surface is not
estimated for total exposures below 107 L, be-
cuuse the coverage is below the AES dctection
himit. Total emission yield increases gradually with
increasing  total - oxygen exposure, saturating
around 10° L. The increase in the A-component
cmission yield above 10* L is approximately pro-
portional to that for the oxygen coverage. The
oxygen coverage at 10 arbitrary units is approxi-
mately 1077 monolayer.

We compared the decay of the A-component
of the Ga" cmission yield from the cleaned
GaP(110) surface with that for a surface exposed
to 10* L of oxygen under repeated irradiation
with a laser fluence of 0.8 J/cm? in fig. 3. We fit
the Ga' emission yield curves to an exponential
function of the number of shots. The decay con-
stants for the cleaned and the oxygen-exposed
surface are cstimated to be 0.11 and 0.26, respec-
tively. Although the two curves are normalized at
N =1, we found that the absolute area under
these curves is nearly equal.

Finally, we measured the chang: of the emis-
sion yield of Ga* induced by repeated irradiation
of cleaned and oxidized GaP(110) surfaces. Fig. 4
shows the changes of the Ga" and of Ga* emis-
sion vields induced by repeated irradiation with a
laser fluence of 0.56 J/ecm? of GaP(110) before
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Fig. 3. A comparison of the relations between the Gal vield
and the number of shots for cleaned (open circles) and 103 L
oxygen-exposed (closed circles) GaP(110) surtaces. The trradi-
ation was repeated with a fixed laser fluence of U8 J/cm®.
The solid and dotted lines are exponential functions with
decay constants of 0.26 and 0.11, respectively.
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(b) Ga~ emission yields before and after oxygen exposure.
Each figure shows the relation between the yield and number
of luser shots, started from cleaned surfaces and exposed to
oxygen indicated. The laser fluences are fixed to 0.8 J/em?
for the Ga® emission and 0.56 J /em? for the Ga* emission.
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wmpumnl\ ol Ilu Ga' emission
tor the ey
CHssIoNn )uld s ol on-
cemtivanty by the oxygen exposure. Thus.
ot ol GGy vield tor the

s een o the cleancd Gal osertace s i
vodarger than that tor the A-component
U onadized surtaces.,

As deseribed elsewhere [13] the A-component

- anttiated by a relatively weakly bonded Ga-rich
Lot The correlation shown in fig. 2 be-
soen the mtegrated vield of the A-component
aid e oxygen coverage indicates that a weakly
Ponded Gu atom s produced at cach site where
oxygen s adsorbed. Furthermore, in view of the
saturation as a function of oxygen dose, it has
been suggested that the adsorption of oxygen
oceurs it defecet sites [2,3,6]. The present experi-
mentai results indicate that adsorption of an oxy-
cen at a defect site, probably on kink sites of
steps (S-component), weakens the bonding of a
Ga atom.

In view of the UPS [1-3] and EELS [6.7]
aaperiments on GaAs, 1t is generally beheved that
oxygen atoms at low coverage are bonded to the
Ga atoms: no indication of As—O bonding has
been observed. We have no information which
would cnable us to iWdentify the site of the oxygen
bonding on Gal’, but it is unlikely that oxygen
adsorbed atop o Ga atom would produce a weak-
cied bond in a suiace Ga atom. Indeed, accord-
ing to simple bond-cnergy arguments [7] it is
more hikely that the adsorbed ox,gen atom bridges
the P und Ga on o kink site at the surface. Since
the O-adsorption at the bridge site may produce
i weakly bonded Ga atom and hence enhance Ga
cnussion, in view of the present results, we con-
sider that the modcel that an oxygen atom bridges
Ga and P atoms {7] is more likely than a bridge
between adjacent Ga atoms on the surface [2].

It has been argued that defect sites at which
fuser-induced particle emission occurs can be par-.
tally characterized by three parameters [13]): the
threshold faser tluence, the exponent of the yield
versus shot number, and the Ga* /Ga" ratio. The
fluence for emission from the
oxvgen-adsorbed site s nearly the same as that
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DPUs
cenarios stggest themeelves
oy Omne s that the bieh
clectronegativity of an oxyegen atom produces a
negatively charged surface site {11]. making it
possible for the oxygen adsorption site to localize
two holes und produce desorption, as already
suggested for clean GaP surfaces by ltoh and
Nakayama [16], and confirmed experimentally by
Hattori et al. {14]. Calculations of two-hole laser-
induced desorption in the bond-orbital model by
Haglund et al. [17] are also consistent with this
picture. A seccond possibility is that the oxidation
leads to the formation of a metastable O™ at the
defect site, which has been shown in calculations
to be metastable and to produce a surface lattice
deformation which leaves one Ga more weakly
bonded than its neighbors [18]. Both possibilitics
are consistent with the experimental evidence.
The experimental values of the Ga* /Ga® ratio
are also consistent with the picture of Ga' emis-
sion from an clectronegative surface defect site.
To describe the correlation, we used a Born-
Haber cycle as shown in table 1. First, a Ga® on a
surface defect is taken out of the surface (from
the defect site) by adding the vaporization energy
L. The vaporization of a Ga* requires, in
addition, the addition of the ionization cnergy /
of a Ga" and the ncgative of the electron affinity
A, to the defect site with the missing Ga'. Thus,
we obtain the following rclation between the va-
porization cnergy l:‘v._,p(Ga") of a Ga atom and

1 [ -
boied weaheniny

the I:‘\_,‘,(Gu*) of a Ga ion:
\.\[\( Gd ) =L m( ("du) + [ e /1 ( 1)
Table |

A Born-Haber cycle deseribing the difference in the energy
of emitting Ga' and Ga ™ from a GaP surface (see text)

Surface-missing Ga" site + Ga® + E,,(Ga")
Ga" -Ga' +¢ +/

Missing Ga" site + c-missing Ga® site ~ A,

Missing Ga ™ site + Ga *-surface - \_”‘((J.x
Lo (Ga )= (Ga)+ 1 - Ay

vap vap
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Fromeg. 00 the Ga™ o Ga” ratio should be Largen
Cropoumn o defecets having AL Lager than £
vocording to the model deseribed aboves o detect
coewnh o O bond et atter Ga emisston s not
copable or tappinge another clectron.

Jor st vy e G d oo e e K
Cvioen atomn ol dolect sites on GeP surlaves
cnhances that component of the laser-induced
atom emisston which comes from weakly-bonded
Ga sites. Although at present no definite conclu-
won can be drawn about the atomic structure of
the adsorption site, our results indicate that the
binding of the Ga atoms is strongly altered by
onidation. The bond weakening may be attributed
either to the electronegativity of the oxvgen or to
Litice deformation produced by the formation of
() . Our imvestigation also indicates that laser-in-
duced particle emission is a sensitive and promis-
ing probe for investigating small concentrations
ot electronic defects at surfaces.
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Scection IV, Photon- and electron-stimulated desorption

Nonthermal laser sputtering from solid surfaces

Yasuo Nakai. Ken Hattori. Akiko Okano and Noriakt ltoh

Department of Phoosies, Nawova Universay, Furo-Cho, Nasova 4604010 Jupan

Richard F. Haglund. Jr.

Depariment of Physcs and Astrononn, Vanderbadt Unoersin, Nashedle, TN 37235 USA

Current understanding of the phenomena of laser-induced sputtening of nonthermal ongin from semiconductors and insulators s
reviewed. Experimental observations on laser sputtering of typical insulators and semiconductors are compared. emphasizing laser
sputtering by photons having subgap energies. It s pomted out that the sputtering s not induced at low laser intensives in
semiconductors. while sputtering in proportion to the density of excitation 1s observed for alhal hahdes. The difference is attnbuted
1o the absence and presence of self-trapping of excitons in two different types of matenals. In high-sensinvity measurements of
laser-induced sputtering from GaP surfaces the change in the sputtering vield as the pulsed-laser irradiation 1s repeated on the same
spot s correlated with the change in the defect concentrauons on the surface top laver. Hence. high-sensitivity measurements of
nonthermal laser-induced sputtering can be a useful techmique for defect and simpurity analvsis on the top laver of the surface.
Theorencal aspects of the laser-induced sputtering. including the nature of excitons. energy lovahizanion, bond breaking and dynamics
of localisation are discussed. [t is suggested that two-hole localisation on surface defect sites s the origin of sputtening 1 matenals in
which no self-trapping of excitons is induced.

1. Introduction for photons above the band-gap energies often by five
orders of magnitude. Thus the temperature nise of the
Irradiation of solids by pulsed-laser beams induce surface lavers can be disregarded for subgap exciation.
phenomena which are specific to intense light beams. There are three concevable sources of opucal absorp-
These phenomena include laser-induced bulk damage. tion of photons of subgap energies contributing to
surface damage and sputtering (1]. The latter two phe- desorption: mulu-photon bulk absorpuon. single-pho-
nomena are correlated 1o each other and form the ton optical absorption by the surface states. and that by
subject of the present paper. One of the charactensuc defects on surfaces. When photons are absorbed by
features of laser-induced sputtening 1s the superlinear surface states or surface defects. the thermal energy
dependence of tts vield on the fluence. which often can aenerated by nonradiative processes will be transferred
be regarded as if a threshold laser fluence exists [2]. to the underlaver which s not directly heated. Photons
Such superlinear dependence 1s often charactenistue of of subgap energies may be absorbed also in a single-
thermal sputtening, due to vaporizauon of the surface photon mode by defects in the bulk but this will not
bv rapid heaung during laser arradiation [3]. In thiy contribute to desorpuon and hence is disregarded. Since
paper we show  several examples of laser-induced the amount of the energy imparted by each photon-solid
sputtening of nonthermal ongin. which exhibus similar interaction is of the order of 4 few eVt 1s improbable
superlinear dependence on the laser fluence. that atoms underneath the surface top laver are ¢jected.
Experiments on laser-induced sputtering have been In any case sputtering will not be induced unless excita-
carried out using photons both below and above band- ton energy is transported to the surface.
gap energies. Because of the large bulk optical absorp- The purpose of the present paper is 1o review experi-
uon coefficients. irradiation with photons above the mental  observations  of nonthermal  laser induced
band-gap energy raises the temperature of the surface sputtering of halides. oxides and compound semicon-
lavers. and hence may induce thermal evaporation. For ductors, and to discuss the various mechanisms of
photons of subgap energies. however. the bulk optical laser-induced desorption in these matenals. Theoretical
absorption coefficient is extremely small. less than tha considerations for nonthermal laser sputtenng for sub-
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cdap photon energies are alse given, emiphasizing tic
locahizanon of electrome exaitgtion energy and s trans-

formation 1o the energy Tor atomic iectinem

2. Sunvey of experimental results
21 Alkali halhdes and atkaline earth fluorides

A great deal of work has been carned out on sputter-
ing of alkali hahdes by electrons and 10ns. and several
reviews have been published {4-6]. The mechanism of
the sputtering by charged parucles 1s due to both elastic
cncounters and electronic excitanon. The process of
sputiering caused by electronic excitation under irradia-
uon with charged particles 1s essenually the same as for
photo-excitation. In this paper. we discuss mainly
photo-induced sputtenng. but touch upon sputtering
induced by charged parucles. whenever necessary.

The sputicring vield of halogen atoms from alkal
halides by conventional light beams 1s proportional to
the flux {7). as shown in fig. 1. indicating that a single
excitanon event induces sputiering. The temperature
dependence of the sputtering vield at low fluxes has

DESORPTION RATE (Arb Units)

0.1
(1719)

Fig 1 Photo-induced sputtering rate vs excitation intensity for
RbBr and KI Sputiering rate 1s proportional to the excaitation
imensity (After Kanzaky and Mon (7))
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Fig. 2. Emussion vields of electrons (dots) and positive ions
(tnangles) v laser intensity for BaF-(111). for 518 nm laser
pulses. The solid lines represent the intensity dependence. of
which power 1s indicated in the figure. (After Reif et al. [14].)

been found to parallel the evaporation rate of alkali
metals [8-10}. This result has been interpreted in the
following way: the halogen atoms are ejected in the
primary event. and deviation from stoichiometry due to
loss of halogen reduces the overall sputtering vield.
Thus evaporation of alkali deposited on the surface is
the rate-imiting process. Not much work on laser-in-
duced sputtering of neutral halogens from alkali halides
has been carried out. although laser-induced damage
has been studied extensively {11} and it has been shown
that the defects at the surface are one of the main
factors for producing the laser damage. It has been
shown that four-photon band-1o-band transition by ruby

laser pulses causes desorption [12]: the vield is propor--

tional to the fourth power of the laser fluence. indicat-
ing again that a single excitauon event results in ¢jec-
tion of a halogen atom.

Extensive work on laser-induced sputtenng of ca-
tions and electron emission from fluorides has been
carried out [13-17]. Fig. 2 shows a tvpical result of the
fluence dependence of the sputiering vield by 518 nm
laser pulses {14]. The figure includes also the fluence
dependence of the clectron emission. A high-power
fluence dependence for positive-ion emission from BaF,;
1s evident. Spectroscopic studies have shown that the
sputtering vield 1s a2 maximum at specific wavelengths
for all intensity regions. suggesting that resonance
(mult-phoion) 1onisation possibly, of the surface defect
states. 1s responsible for sputtening. Cluster calculauons
of the BaF. surface confirm the plausibility of such an
excitation mechantsm.

IV. DESORPTION
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2.2 A0 und LiNbO.

There have been a number of recent studies of laser
ablation from technologically important oxide maten-
als. Here we mention two cases: Al,O; and the ferro-
electric insulator LiNbO..

Sputtening from Al.O; by excimer laser pulses has
been studied by direct scanning-microscopic observa-
tions of ablation [18-20] and bv laser-induced fluores-
cence (LIF) [21-23] measurements. The photon energy
of the excimer laser is well below the band-gap energy
of Al.O,. and hence the sputtening in this case is due to
subgap excitation. It has been shown that laser ablation
occurs for laser fluence onlv above 0.6 J,cm [21]. The
fluence dependence has been shown to be superlinear.
as shown in fig. 3. Careful measurements of the energy
distribution has been reported both by time-of-flight
(TOF) measurements and by measurements of the
vibrational and rotational lines of LIF from AlO [21].
Near the threshold laser fluence the TOF energy distri-
bution shows a maximum at 1.2 ¢V [21]. while the
energy distribution determined by the vibrational spec-
tra is much lower. A companson of LIF spectra with
calculated spectra shows that the temperature is close to
300 K. which 1s oo small to consider that the sputtering
s due to thermal evaporation. The TOF energy distri-
bution is apparently influenced by collisions in the
high-density gas laver accumulated above the laser-
irradiated surfaces [23). while the energy distribution
determined from vibrational frequency is related to the
ejection process. The low internal temperature of ejected
AlO excludes the thermal evaporation mechanism.

More recently. measurements of excimer-laser-in-
duced ejection of excited atoms and ions from LiNbO,
have been carried out [24.25]. The laser pulses in this
experiment are generated from a XeCl laser, which
emits 4 eV photons. very close to the band-gap energy.
Threshold behavior similar to that for AlLO; has been

observed. A sipmificant ditterence Bas heen found he-

e ek . N
D T FR

oot the radiaios s Lo pre sy tecenved o
stgificant number ot shors gt Heenees insautfficient o
cause erther surface moditication observable in an elec-
1ron MICroscope, of o generate o visthle plasma plume.
A representatine sample of these data s are shown n
frg. 4. Interesunglv. the NP7 othreshold behavior s quite
simular for the damaged and undamaged surfaces. suy-
gesting that the desorpuion mechanism s thermal m
both cases. while Lo
nonthermal. An incubation effect was also obsenved and
found to be different for ejection of L7 and Nb°

enssion i~ considered w0 be

2.3 Compound senuconductors

Pulsed-luser-induced sputtering of compound semi-
conductors. such as GaAs [26]. GaP {27 -35]. [nP {36]
and CdS {37.38] have heen studied. for photon energies
both above and bhelow the hand-gap energies. One of
the differences between the sputtering from semicon-
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Fig. 4. Nonlinear dependence of the sputtening vields for L~

(a) and Nb - (b) from LiINbO. surfaces on the rradiation

power of XeCl laser (308 am). for damaged and undamaged
spots, (After Affatigato et al. [25])
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ductors and from alkali hahdes v that no desorpuon i
observed for smiall laser fluences and the sputtening
vield increases rapidhy with laser fluence in the former
as shownan fig. 5 [30]. With alkah hahides. on the other
hand. the sputtering vield is proportional to the density
of excutauon (fig. 1y, Thus it appears that there v o
fundamental difference in the mechanism of desorption
between alkalt halides and semuconductors. AlLO. and
LiNbO, show behaviors rather similar to the compound
semiconductors.

A large number of sputtenng expeniments for com-
pound semiconductors have been carned out using pho-
tons above the band-gap energies. General charactens-
tics for sputtering by photons above and below the
band-gap energies are similar: both show the superlin-
ear dependence on the laser fluence. and even the
threshold laser fluences for both cases are within a
factor of 3. as seen from fig. 5. Since GaP(110) and
(111) surfaces have surface states located within the
band gap [39.40). sputtering by photons below band-gap
energies has been ascribed 1o excitation of the surface
states. Measurements of the velocity distnbution for
photon energies above the band-gap energy have been
carried out {26-2836-38]. The velocity distnbution,
however. has been shown to be influenced by collisions
between sputtered particles [23] and hence does not
necessarily reflect the mechanism of sputtering.

In recent work on laser-induced sputtering by the
Nagova group. special care was taken to insure sputter-
ing from cleaned and undamaged surfaces. Two kinds
of precaution have been taken in these experiments: (1)
the surface was cleaned before the start of sputtering
experiments. and (2) highly sensitive detection tech-
niques were used so that irradiation with a pulsed laser
beam destroys onlv a very small fraction of the topmost
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Fig 5. Dependence of the sputtering vield of Ga" neutral

atoms on the laser fluence from a GaP(111) clean surface for
several different wavelengths, (After Hatton et al. [30])
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Fig. 6 The change of the sputtering vield of Ga® induced by
irradiation of GaP(110) surfaces by 28 ns laser pulses. then
irradiation 1s repeated on the same spot: for different laser
fluences (a) 1.0 J/cm” and (b 1.2 ] 7ent’. (After Hatton et al.
(33

laver. Because of these precautions, 1t was possible o
observe the pulsed-laser-induced sputtering from the
same part of the surface repeatedlv. Fig. 6 [33] shows a
tvpical example of such experiments. It is clear from fig.
6(a) that the the sputtering vield decreases rapidlv at the
beginning of the irradiation and becomes a constant. if
laser fluence is smail. We note in particular that the
constant sputtering s maintained for 8000 shots (fig.
6(a)) and that if the laser fluence is increased only by
20%. there 1s an increase in the sputtering yvield as
pulsed rradiation is repeated (fig. 6(b)). We refer to the
threshold laser fluence that produces the increase in the
vield as the damage threshold. It has been shown that in
the case of a low fluence ne change in the LEED
pattern was observed. while fading of the LEED spots
was seen in the case of a high fluence. Since only atoms
on the surface top laver are gjected. the sputtenng vield
represents the atomic structures of the top laver. Thus
the experimental results shown in fig. 6 indicate that the
surface 1s changed as irradiation 1s repeated and suggest
that the surface becomes more perfect if the laser fluence
is small and becomes less perfect 1f the laser fluence s
large. From the evaluation of the absolute value of the
number of sputtered atoms. 1t has been shown that each
shot gives sputtering of about 10 ° monolaver. Since
the threshold for collisions between sputtered particles

IV. DESORPTION
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“is about 0.5 monolaver {23.24]. such collisions would
not be expected.

From the arguments above. it is clear that high-sensi-
tvity measurements of laser-induced neutral emission
can serve as a method of high-sensitivity analvsis of the
surface top layer. It has been shown that ions are also
emitted although the number is much smaller. Since ion
sensitivity 1s much higher than the neutral sensitivity.
measurements of laser-induced ion emission from the
surface s constdered 1o be useful for impurity analvsis
of the surface top laver. TOF measurements of laser-in-
duced emutted tons has been carried out [33]. In these
experiments the high sensiovity was  obtained by
sacnficing resolution. Fig, 7 shows a tvpical result. In
addition to Ga’~. emussion of K~ and Na~ was de-
tected. and it has been found that the intensity of Na™
and K~ ions decreases to zero as irradiation is repeated.
while that of Ga™ 1s decreased also but to a constant
value, The vield of Ga ™ is also influenced more signifi-
cantly than that of Ga", when the surface was annealed
[32].

3. Theoretical considerations

1. The mechumsm of luser-induced desorprion. desorp-
non by ralence-clectron excitation

Laser-induced spattering of nonthermal onigin should
involve electronic excitation either n the bulk valence
bands or in the surface states or surface defects. If the
phaton energy exceeds the band-gap energy. clectron-
hole (e-h) pairs or excitons having three-dimensional
extenston are produced. If the photon energy s below
the band-gap encrgy but is above the energy of excita-
tion of the surface states, e~h pairs or excitons having
two-dimensional extension are produced. There is a
variety of two-dimensional e-h pairs or excitons. for
example those consisting of electrons 10 unoccupied

Neomphtermic e e

strface siates ane coees o the valence band Dhireat
Chulial o oD doTe T N Y R UG A P PRI S I
dtoms Trem the s i the exdited sites and henee
sputtering. In sobdas having a large electron and hole
dieffusivitn, the micraction between the mobile enuiy
and defects will & inate

Menzel and Coomer {41] and Redhead [42] have
supgested that deserpuon can be induced by valence-
electron excitanon f an anubonding tvpe adiabatg
potential energy ~urface s formed. which brings an
atom out of the surface. The e -h pairs or excitons
having three- or two-dimensional extension cannot form
an MGR-tvpe adishatic potential energy surface. uniess
the energy possessed by the electron-hole pairs or exci-
tons is localized. Thus there are two conditons for
desorption to be induced by valence-electron excitation:
locahzation of wave functions and existence of the
antibonding or bond-breaking potential surface on the
localized site.

In a crystal with a strong electron-latuce coupling.
such as alkah hahides and alkaline earth fluondes. exci-
tons and holes ure localized. producing self-trapped
excitons and self-trapped holes. respectively [43]. A
self-trapped hole 15 often converted to a self-trapped
exciton by trapping an electron. It is known also that a
self-trapped exciton in the bulk possesses structural
instabtlity and is converted to a Frenkel pair comprising
a vacancy and an intersttial in the halogen sublattice
[44]. Desorption of halogen atoms can be ascribed to
the instability of self-trapped excitons near the surfaces
[45]: an exciton near the surface is eventually decom-
posed into a halogen vacancy and an emitted halogen
atom. Thus self-trupping of excitons provides a site for
the localizauon of the energy possessed by an exciton or
electron-hole pair. Furthermore. the energy possessed
by locahzed excitons 1s converted partly to the kinetic
energy of atoms being emutted. It follows that self-trap-
ping of an exciton can sausfy the two conditions for
formauon of 4 MGR-tvpe adiabatic potenual energy
surface at least for the amon sublattice. We suggest that
sputtering is induced by formation of self-trapped exci-
tons near the surface and call this process the self-
trapped-exciton mechenism of sputtering. ™' When ex-
citon self-trapping i~ the cause of sputtering, one ex-
pects a linear dependence of the sputtering vield on the
density of excitauon [7] as seenn fig. 1.

In matenals with weak electron-fatuce coupling in
which excitons are not self-trapped. as in senuconduc-

According to Postawa et al. [46] excitauon near the surface
within a depth of 100 A results in sputtering. The diffusion
of free excitons and e-h pairs to the surface may be
involved in the depth descnibed above, while the instability
of self-trupped exuton may occur only within a few lavers.
Neither expernimental nor theoretical informaton s vet
avarlable
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tors. defects and impurities on the surfaces can also act
as locahzation sites. Almost no information 1s vet avail-
able for defects with localized electrons. holes or exci-
tons on surfaces. although 1t 1s known that interaction
of bulk defects or impurities with electrons, holes and
excitons produces metastable states accompanied by
tremendous lattice relaxation {47]. Therefore. it 1s con-
ceivable that interacuon of electrons. holes or excitons
with defects on surfaces causes emission of neighboring
atoms.

It 1s convenient to divide nonmetals 1nto two groups:
group A. in which neither holes nor excitons are self-
trapped {48]. and group B. in which either of them is
self-trapped. The tvpical materials belonging to both
groups are listed in table 1. We note a substantial
difference between the sputtering characteristics for
group A and group B nonmetals. In group B nonmetals.
desorption 1s induced even by conventional light beams
in proportion to the density of excttation. as in alkah
hahides. For CaF, [49] and SiO. [50.51]. which belong 10
group B. the build-up of cation-nich lavers by photoex-
citation has been observed.

On the other hand. ejecuon of Ga atoms and ions
from the GaP surfaces was not detected with 28 ns laser
pulses up to about 0.05 J,cm ° (bv a sensitivity of
approximately 10™° monolaver) and desorption which
can be definitely ascribed to defect sites arose onlv
when the laser intensity was increased bevond a certain
value [30]. Tt has been suggested that 1ocahization of two
holes on a latuice site is required to produce sputtering
in the group A maternial (two-hole mechanism [2]).

It is clear that these two cases represent the extreme
ends of a spectrum of behaviors. The ferroelectrics, for
example, have vacancyv-type defects. but it is not known
how the soft phonon modes are implicated tn the re-
laxation process preceding defect formaton. Hence. it 1s
not vet known whether Al.O, [52] and LiNbO, should
be assigned to group A or B.

In the following we try to understand the conditions
under which the desorption is induced in semiconduc-
tors carefully and examine sossible mechanisms of de-

sorpuon Our emphasis s on the 2o v nonmietals
Al descprion ol Sieen Bononenei

when there s relevance.

32 Electrrome exairation

According to experimental obsenvaton of GaPulloy
and (111). excitation of surface states induces desorp-
tion. Therefore we discuss mainiy the effects of excita-
tion of the «urface states. assuming that the density of
excitation 1x gh and that  Auger recombination
domuinates {52]. The kinetic eguation for n_. the con-
centration of e-h pairs at the surface. s gnen by

dn,
dr

where g is the cross section for exciting the surface
states. ¢ is the photon flux. A_ is the atomic density at
the surface. 5 the probability that the three-dimensional
e—h pairs are converted to two-dimensional e-h pairs. ¢
the average veloaity of electrons and holes in the con-
duction and valence band. n, is the steady-state bulk
concentration of the e-h pairs during irradiation. and
C._ and C are Auger recombination rates for surface-
surface and surface-bulk processes. The second term is
the rate by which the bulk excitons are converted o the
surface excitons [54]. The third term is for Auger recom-
bination among surface e-h pairs and the last term 1
for Auger recombination between surface and bulk elec-
tron-hole pairs. The two-hole localisaton at defect
sites. which 15 considered to cause desorption ax de-
scribed later. is not included in the kinetic equation.
since its contrnibuuon to n_ is small. In eq. (1), the
following refation holds for n,, under dense excitation
where the Auger recombination dominates {33.55]:

dllh . (ny - __

—a‘,‘zohq\*“h N = Cpny. (2)
where N 1s the number of atoms per unit volume in the
bulk. o 1> the single phowon-excitaton cross section for
the bulk. ¢"" i1s the n-photon bulk absorption cross
section and Cy, is the Auger recombination rate in the
three-dimensional svstem. Here we presume that the
kinetic energies of the holes and celectrons are suffi-
ciently low not (¢ cause impact 1onizaton.

A semi-quantitative discussion of egs. (1) and (2) will
reveal which terms dominate. For irradiation with a 1
J/cm’ laser pulse of GaP at 620 nm. one-photon optical
absorption coefficient 18 essentially zero [56] and the
two-photon absorption c¢ross section is known to be 4
x 10" % ¢m* « [57). With this value for the cross section.
tt has been shown that the number of e-h pairs gener-
ated by 4 pulse is only 107 ¢em ™ ' [30). Then the second
and fourth term 1n eq. (1) can be neglected. Using the
value of the two-dimensional  Auger-recomhination
rates. 22> 10 " em® ' estimated on ample dimen-

=00\ + inen, — Cnl=C/f(n. n,). (1)




stonal arguments [N we evaluated the concentration of
the surface fracnonal clectron hole pair concentranon
to be 003 Thus 4 fractional concentration of this
magnitude appears to be sufficient o produce sputter-
ing.

In alkah hahdes and alkaline earth fluorides T
density electronmie eaatauon produces sputtering. be-
cause of self-trapping. Thus, a small number of mulu-
photon excitations can cause sputtertng and produce
defects on surfaces. and the second term in eq. (1) s
probably responsible for sputtering. Since defects thus
generated can absorb subgap photons. the multi-photon
processes assoctated with defects may also contribute o
sputtening, as suggested by Matthias and Green [17].

Irradiation with 310 nm. 1 J./cm” laser pulse. above
the direct band-gap energy. may proauce bulk e-h pairs
at a fractional concentration of 0.02. according to eq.
“(2). in which the experimentally obtained value [59] of
C,, was used. Using this value of n, = n,. we found that
the second term of eq. (1) was 300 times larger than the
first term if n=1. Thus bulk excitauon affects the
desorption in two opposite wavs: by increasing the
supply of e-h pairs on the surface and by enhancing the
Auger recombination through the fourth term in eq. (1).
The fact that these effects oppose each other mayv
explain why the threshold laser fluence for GaP 1s not
changed drastically as the band-gap energy is crossed.

3.3. Desorption and surface damage

Since there is no self-trapping of excitons in group A
non-metals. we consider the possibility that localization
of electronic excitation energy on surface defect sites
results in bond breaking. =°. It has been suggested by
Wu [60] that defect-related Auger transition is the cause
of laser-induced sputtering. We discuss defect-related
localisation of electron-hole pairs. First we discuss the
consequences of desorption from defect sites on surfaces
and secondly we discuss the conditions required for the
sputtering to take place.

If an atom near a defect site on the surface is ¢jected
because of the localisation of the exciton or e-h pair
energy. the number of defects will be changed. Let N
be the number of defect sites per unit area responsible
for sputtering and let irradiation with dn laser pulses
emit d Vg atoms per unit area from the surface. We put

dNg = YN da. (3)

where Y is the vield of sputtering per defect during a
single laser pulse. Y includes both the cross section of a

*? In the previous papers, the possibility that the desorption
anises from the localization of two holes at surface perfect
sites was invoked {27-31.61-64]. This possibility cannot vet
be excluded. although two-hole localization through defect
sites is more favorable as is being discussed.

detect sie o energy focalization and the efficieney Tor
the erection Inea o3 Moimphies the number of the
detect sites that can act as the Tocdhsation sites indepen-
dCH(l_\.

There are three tvpical defect tvpes. cach with o
distinctine mode of evolution as the laser irradianion
proceeds. It the defect s an adatom. desorpuon from g
defect mite restores the nerfect lattuce. It follows that

dV, = - dN,.
and hence
N, = Noexp( - Yn). (3)

where N3 is the concentration of defects prior to the
start of irradiation. In this case the desorption vield 1s
diminished as the laser irradianon is repeated. If
adatoms are clustered or form an island. the defect sites
responsible for desorption are only at the perniphery and
the defect sites are not eliminated by sputtenng. Sup-
pose that the island 1s a circle with a large radius r.
dNg= == d(r7/a”). while d N, = 2= d(r/a). Thus. in
a first-order approximation. we obtain dVg =
—dNg/4=. and hence N = N{j — const. X n. using eq.
(3). Thus. the relation between the number of particles
emitted per pulse and the number of shots for cluster-
mitiated sputtening shows onlyv a slow decrease and can
not be distinguished from the step-inttiated sputtering.
If 1slands are decomposed into small clusters of adatoms.
eq. (4) holds.

For the second type of defect. the step. the defect
sites responsible for sputtering are only at the step
edges. but not on the terrace. If the sites at the step edge
act successively as localization sites for excitation en-
ergy and ehminate a row of atoms on the step edge.
there is no increase in the number of the defect sites.
but onlyv displacement of the step edge. A more realistic
picture of this process is that the kink on the step edge
acts as the site for localisation until the kink has been
traversed from one end to the other. Aside from the
details of the microscopic processes of evolution of
sputtering from steps, we can consider that ¢jection of
atoms from steps does not influence the number of
defect sites responsible for sputtering. Thus, in this case
we expece dng > dn, ~ 0. and hence ny, = const.

If an atom is ¢jected by localization of excitation
energy In a surface vacancy cluster, the size of the
cluster increases. If the size of the vacancv cluster s
small, we expect that each vacancy site acts as an
independent localization center. Then we obtain

d ‘Vl: = d J\'[).
and hence
Np = N exp(Yn). (5)

If the size of a vacancy cluster increases. the relation
between dne and dnp is similar to that for islands.
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the vacandios on the (op sutiace start o serve as nudled
ton stes. tor avolution ol surface vacanay clusters
Stmultanceoushv vacanaes at the battom of the vacana
husters, namcehy those i the second hver canact as
nucleaton sites Tor vacaney clusters: Thus under this
conditon. the damage zone can grow n the direcuon
perpendiculur 1o the surface I sputtening occurs at
perfect sttes. due to the self-trapping. the surface damage
will abvo evolve

The rapidiv falling component shown in hgo 6
follows ey (4 and 1s constdered o be due to adatoms
[t v foliowed by g component for which the defect
concentration v a vonstant. We suggest that this com-
ponent is mitiated by steps: they may include large
islands as well. The Ny, versus n relation above the
danage threshold seen in fig. 6(b) follows eq (3 for
small 7 and becomes constant at larger n. and s
considered  ongimated  from  vacancies. Progressively
higher laser fluence 1s needed o desorb from adatom
sites. steps and vacancies. The sputtening from fluondes
observed by Matthias and co-workers [13-17] 1y also
constdered 1o anse from defect sites. The tigh power
dependence indicates that the exatauon of the defect
sites and simultaneous excitation of the valence elec-
trons near the defect sites enhances sputtering.

W have already pointed out that the surfaces are
cither improved or damaged by laser irradiation. de-
pending on the sputtering source. We should mention
that. paruicularly for subgap photons. the surface opu-
cal absorption coefficient increases as the surface
damage evolves. Thus once the vacanceyv-tape defects
become efficient centers of desorption. an increase in
the surface opucal absorption coeffictent for subgap
photons will result and enhance the damage evolution.
Therefore. 1t 1s conceivable that in a sputtering experi-
ment which uses a relauvely large laser fluence. the
mital stages of surface damage 1v the same as that for
high-seasitivity measurements described abave. but fur-
ther damage evolution and sputtering 1n a single pulse is
enhanced due to the evolution of the damage at the
intial stage. This consideration explains the fact that
the “thresnold laser fluence’ obtatned with less sensitive
methods 15 approximately the same as those obtuined
with sensiive methods.

24 Bond breaking

It his been suggested by Van Vechten et al [o3] that
excitation of valence electrons weakens the bonds. They,
suggest that the bond strength on average is weakened
in the presence of many holes having Bloch-type wave
functions The bond weakening sumphy by producing
dense excitation cannot be effective. since cach bond in
the cnvstal s weahened by the same fracuon as the

-

A P S S S PO PN
plasmia e Cruses spatieniny (o7 Onothe othier fand,
i selt-tappin, of anexaton or ¢ h pan s locabized i
N ‘Pk‘(lfu Lattice sites the effectveness for bond break-
my s enbanced i many cases the self-tropped exartons
i the bulkh mvolve svmmietry breaking relaxaton [66)]
Such an assmmetnical distornon near the surface ma
results derectly an desorption {681 This v the case for
bond-breaking o be mduced by Jocabizanon of o single
excrton an e B mateniud

We point out the role of the Madelung potenual in
sputtening due to bond weakentng by hole locahzanon,
Vecabizanon of o hole on g cation adatom, for example.
increases the positine charge of the cauon. increasing
the stabihty. Thus. the bond weakening 1x compensated
by the Madelung force. whose value at the surface does
not differ from thatin the bulk inomce crvstals [69]. On
the contrary. both the Madelung force and the covalent
bond weakeming favor the ¢jection of the amons. Thus,
we consider that desorption of cauons 1 the rate-himit-
ing process for atomue ejection from compound surfaces,
for which stoichrometry should be maintamed duning
desorpuon.

Turning to tvpe A materials. we find that expenmen-
tal results for Gu desorpuon from GaP indicate that the
desorpion of Ga neutrals does not occur at low laser
fluences. Hence one-hole locahzaton on a defect site 18
not sufficient to induce desorpuon. The superhnear
dependence of the desorption vield on the laser fluence
suggests that the desorpuion s induced only when the
density of excaitation 1s high. Troh and Nakavama [61]
suggested that sputterning is induced by the negative-{
localizaton of two holes at surfaces: two holes are
localized by the lathice relaxation along the configura-
uon coordinates that eventually lead to ejecuon of an
atom, Here we consider the energeties for desorpuon by
two-hole locahizaton

The condition for the two-hole localization on defect
sites 1in the bulk of sohids has been given by Anderson
[70]. Expressing the on-site Coulomb repulsion energy
by U and the electron - lattice relianation energy by £ .
the condinon for two-hole locahzation s £, = U -
Fy g <00 The negatve- U anteraction was first proposed
for amorphous matenals o explimn the absence of
paramagneue impurities or defects. The present sugges-
ton is an extension of this wWdea to surface defects,

We presume that two electrons in the conducuon
band are bound at the two-hole localized site: thus the
site possesses twice the normal surface excitanon en-
ergy. The energeties of the desorption from a two-hole
locahzed site can be treated using a Born - Haber ovcle.
Referring to table 20 two holes produced from the
perfect lattice (PL)y by aomizanon are locahzed by o
defect site To locahize two holes the Coulomb repulsion
energy s needed but energy 28, s gained, where £
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i~ the energy depth of the trap site Sappose that the
two-hole Tocalized state relives. resulung in enussion of
a4 G atom by converting the two-hole exartaton energy
to the latuce relaxauon energy causing the emission. In
this process, the lattice relanauon energy £, ¢ s gamned.
By puting 4 Ga' atom back on the defect site. the
perfect lattice 1> restored at a cost of the vaporization
energy £ Since the energy for the enure evele s zero,
we obtain

lyg=U-Ew=E

“vap

- N E,. - ). (6)

where £,,, iy the band-gap energy. From eq. (6) 1t 15
clear that {1~ negative if the vaponization energy s
smaller than twice the energy to create an e-h pair on a
defect site. This eyele is represented graphically in fig. 8.
where we assume that the reaction coordinate of the
latuce relaxation is the one to repel an atom out of the

surface.

Using eq. 6). 1t is clear that the cnterion for the
negative-L’ interaction to be effecuve. re.. for the bond
breaking to take place. depends on the relative magni-
tude of the energy £,,, to take an atom from a defect
site and twice the energy (£,  — ) to excite an elec-
tron on the defect site. £, is given approximately by
the difference between nE_, and the relaxation energy
after evaporation. where n is the number of bonds and
E ., s the cohesive energy per bond. Since £, for
GaP 15 1.78 ¢V [71] and the indireci band-gap energy is
2.4 eV 1tas energetically favorable for two-hole localiza-
ton at a surface defect site. where atoms are doubly
bonded. to ¢ject a Ga atom.

We note the difference in the negative-U type twe-
hole lccalization and the two-hole localization arising
from core excitauon suggested bv Feibelman and
Knotek [72]. Aside from the difference that the former
occurs at defect sites and the latter in perfect sites, the
core excitation also produces a localized two-hole state
within 1 fs, while the negative-U" type localization re-
quires a lattice rearrangement and hence takes about 1
ps. Thus the two-hole localization after core excitation
occurs without being preceded by lattice relaxation.
Either Coulomb repulsion in ionic crystals or bond-
weakening assisted by Coulomb repulsion in less ionic
solids can produce desorption [73].

Table 2
A Born-Haber cvcle descnbing the two-hole mechanism of
d. orpuon

PL — 2e+2h 2E,,,
Defect + 2h — (Defect),, U-2E,
(Defect),y, + 2¢ — Ga®(vacuum) + (Defect) yqng a — ELr
Ga®(vacuum) + (Defect) . qng G2 = PL - E.

2E,+(U-2E)-E g~ E, =0

1
i

N

Surface

35
- @ Acatom
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[
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r

t0)
Fig. & (1 A schematic adiabauc potential energy surface
representing the desorption induced b two-hole locainzation at
a defect site and (b) a schematuic diag.am descnbing desorp-
ton. The coordinate r is the distance between two holes. one
of which 1s trapped at a defect site and the other in the valence
band. and @ the amount of displacement of the desorbed
atom. £, 1s the band za: _.ergy. 2F, the energy gamned by
trapping two holes at the defect site and £, 15 the energy for
vaponzation of atoms at the defect site. The screened Coulomb
repulsive potential between two holes 1in a dense electron hole
plasma. can be tunneled by the hole having high kinetic energy
because of thermal acuvation or degeneracy. When energy
E=XE, .~ E)- E ;>0 desorpuion can be induced th
two-hole localization.

We consider that the two-hole localizauon occurs
only under dense c¢lectronic cacitation because of two
factors: the reduction of the Coulomb repulsion en.rgyv
by screeming 1n an e-h plasma [61). and the enhance-
ment of the hole energy because of the degeneracy [64].

4. Concluding remarks

Only recently has nonthermal lase: sputtering from
insulators and semiconductors been found. and its gen-
eral features and mechamism remain unclear. The pres-
ent paper has reviewed the current status of understand-
ing and pointed out the underlying problems and use-
fulness of laser sputtering for surface analvsis. It ap-
pears that there are many problems of scientific and
technological interest to be explored. Some of these are
summanzed below.

(1) In many insulators (tvpe B), in which excitons
are self-trapped. sputtenng 1s observed even under con-
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ventional hght beams which induces hund-to-band exar
tation and i this case the vicld o propornonal o the
photon imtensity s single-photon band-te-band excrtation
Can cause sputternng.

(2 Laser sputtering in matenals in which excaitons
are self-trapped (tvpe By can arise from bulk or surface
multi-photon absorption and from cumulative effects of
defect generation by multi-photon absorpuon and
sputtering from defects thus generated The “incubation
ef* o0 in LINDO, 18 one example of this process of
cuntulative defect generation. For matenials in which
excrtons are not self-trapped (tvpe A). low-density exar-
taten does not induce sputtening. and hence mulu-pho-
1on absorption cannot make any contnbution. In these
materials, sputtering 1s induced when the excitation
densiy exceeds a threshold value. Whether the threshold
is real or 1t 1s simply apparent because of superlinear
dependence 1s still an open question.

(3) It has been suggested that sputtering in materials
in which excitons are not self-trapped s induced by
two-hole locahzaton on defect sites. Any microscopic
theoreucal approach to reveal the problem is of interest.
Possibility of two-hole localization on the perfect sites
of the surface still ha- to be examined. but can probably
he estimated under reasonable assumpuons.

(4) Laser-induced sputtering by photons of subgap
energies are indeed observed in GaP. in which subgap
surface states exist. The sputtering has been ascribed to
two-dimensional exaitons or electron-hole plasma at
the surface. It is of interest to understand the nature of
the two-dimensional electron-hole plasma. particularly
phonon-mediated interaction with defects and possible
two-hole localization on defect sites. There appears to
be no reason why sputtening should not be observed in
other matenals with the same electronic structure. In-
deed. laser desorption mav be a sensitive test for the
existence of such states.

(3 It 15 of interest to understand the difference in
the laser-induced sputtering by photons having subgap
energies and those having energies above the band-gap
energies. The problem may be related 10 the relative
contributions of two-dimensional and three-dimensional
excitons to lattice relaxation. and for the transfer from
two- to three-dimensional character. Tts also of interest
to studyv laser-induced sputtering in other compound
semiconductors in which the subgap surface states do
not exist.

{6y It 1s clear that most, though not all. laser-induced
sputtering from compound semiconductors involves 1n-
teraction of excitation with defects. A classification of
defects has been made from the dependence of the
sputtering vield on the number of laser pulses. Tt s of
great interest to correlate the laser-induced sputtening
behavior with the detailed nature of the defects. This
mught be observed, for example. by means of scanning
tunnehng nucroscopy.
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UV LASER ABLATION OF FERRORT ECTRICS
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ABSTRACI

We have invesugated laser ablation of excited atoms from the ferroelectnes LiNDO3 and KNHO:
st 308 nm . Comparisons of the vields for O7, K™ and Nb™ from pure and undoped KNbO;3
show the effects of changing intensity, surface condition and irradiation tune on the vield of
excited atoms. Below about 20 GW.cm 2, the mechanisms for production of excited atoms
*r among the various species: above that intensity, the production of ¢ dense electron-hole
Plasma appears to mpart & collecove character 1o the ahlinon mechaniam

L
(o

Introduction and Motivation

Lithium niobate has been for many years the workhorse of nonlinear optics
technology, and is currently in wide use for frequency up-conversion, acousto-
optic devices {1] and optical switching [2].  More recently. potassium niobate has
atrracted attention as a ring resonator for frequency doubling diode Jasers into the
blue region of the spectrum {3}. These applications nawrally generate concemn
tor high-intensity laser-induced damage to the surfaces of this maierial, and for
the potential reduction in ablation yield from selective doping. In addition,
because these materials are not easily processed by ordinary chemical or
mechanical techniques, lasers {4] and ion beams |S} are being considered for
micromachining and direct writing in optoelectronic circuits {6] made from these
materials. Last but surely not least, the unusual electronic structure of these
materials offers intriguing possibilities for creating the localized lattice distortion
which is the precursor of laser-induced desorption and ablation.

Experimental Apparatus and Measurements

The experimental setup is shown in Figure 1. Samples of commercial
LiNbO3 and Czochralski-grown KNbO3 were mounted in an ultrahigh vacuum
chamber with a base pressure of 10-9 torr. Some of the KNbO3 samples were
doped with Na (~1 %) and Mg (~500 ppm). A Lumonics Hyper-Ex 460 laser with
a maximum energy of 180 mJ at 308 nm provided the ablating pulses; the pulse
length was of order 12 ns FWHM. Laser light was focused onto the target at
normal incidence by a 30-cm focal length lens to form a focal spot approximately.
150 pm x 250 um. To avoid artifacts from changes in the focal spot, the laser
pulse energy was adjusted over the range from 60 to 180 mJ/pulse by changing the
discharge voltage on the laser head: the voltage-vs.-pulse energy curve was
calibrated by means of a Scientech ultraviolet calorimeter. These pulse energics.,
for the measured focal spot, correspond to an intensity range of 13-36 GW-cm-2,
well above the plasma formation threshold. An Apple Macintosh microcomputer
controlled the timing of the laser pulse and the entire data acquisition sequence.

Mat Res Soc Symp. Proc. Vol 201 1991 Matenals Research Socrety




AN A RSOGO LR DTN MO

Fluorescence Yield

Laght trom excited atoms m the ablation plumie was detected ot an anzle
33010 the surtace nomuil and focused onto the entrance shitot a Macpherson 2%
Czemy-Turner spectrometer with a4 Thom EMI photomuluplier tube.  Pulses
from the photomultiphier were amplified and summed in a Stanford Research
gated integrator (SR 245) for an integration time of 300 ns following the san
pulse provided by the external trigger signal. The grating spectrometer was
scanned by a stepping motor controlied by the microcomputer.  Yiclds were
obtained by subtracting a hnear background from the Gaussian peak.

T
| XeCl Laser ;
! 308 0m, 330 m)

13ny FWHM
LJ,_—_‘

Grating
< Spectro-
meter

Detay Generator

Trigger Generator

Macintosh SE
Microcomputer

Figure 1. Apparatus for uv laser ablation measurements.

Figures 2 and 3 show typical spectra obtained by scanning the spectrometer
with one laser pulse per point. To study the behavior of different species, spectral
gates were set and data collected in a range of typically twenty points around each
peak. This gave a reasonably rapid data acquisition, and yielded a run-to-run
reproducibility of the peak integration of order + 10%.

200 — &0 —
Mg:KNbO3 < Mg:KNbO3
%
2
o
o0 §
«
H
s
=
[
0 N s N 0
400 405 410 415 420 160 765 770 775 780
Wavelength (nm) Wavelength (nm)

Figure 2. Spectral scan in the range  Figure 3. Spectral scan over the range
from 400 to 500 nm, showing the Nb*  760-780 nm showing the fluorescence
signal at 406 nm from laser ablation of  from K* and O* atoms ablated by uv
Mg:KNbOs. laser from Mg:KNbQj3.
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Some clues to the ablation mechanism can be seen from the appeaiance - or
lack thereof - of certain lines in the spectra. The alkali lines are the famibiar
resonance lines. as one might guess. The O line - the 777 nm deublet - has 2
parent state lving close to the ionization limit: however. we do not see cascade
transitions we might expect from this state, suggesting selective multiphoton
excitation of ground-state oxyvgen in the laser plume. The table below lists some
of the nunor transinons used o track the ablation process in our experimetits.

Atom 7onm) Transition Level 2 Level 1 A2l 1
(ecm' D) (cm 1) 0Py
K 767-770 4s-4p 13,024 0 0.39 1.02
Nb <06 25.680 1.050
0 777 | 2p33s-2p33p | 86629 [ 73.76X 0.34 092
Na S89 35 - 3p 16.968 0 ().63 .68

Expenmental Measurements

We focus here on three types of measurements on KNbO3a: (1) excited atom
vields as a function of laser intensity: (2) relative intensity of impurity vs.
intrinsic atoms from the various crystals: and (3) excited atom yield as a function
of shot number. We will focus particularly on those features of the data which
mayv reflect the signatures of electronic, rather than thermal. ablaton
mechanisms. More details of laser ablation experiments on both LiNbO3 and
KNbO3 are contained in two forthcoming publications {7].

Measurements of the intensity or fluence dependence of different excited
species fumish imponrtant clues to the mechantsm of ablation. Figure 4 compares
the intensity dependence of Nb” (406 nm), K* (767 nm) and O® (777 nm) over the
laser-pulse encrgy range from 60 to 160 mJ, using the standard log-log plot.
While all species show an initial steep rise followed by a saturation behavior with
an onset at about 80 mJ, the oxygen and potassium show a pronounced saturation
at the highest fluences, going from an initial slope of order 3 to a final slope of
order 1 - implving a definitc change in the mechanism of ablation. The initial
slopes of the K* and Nb* yield curves are approximately 2.3 and 1.3, respectively.

10° ~ 10*
< Mg:KNbO3 co
o -“ E,_, K
= o e
- \ P
Lot _'f‘f Tt o
L3
£ "8 £
4
Z 0t «8® [® 0 vield ¢ ol
£ a® |8 Nbeview £ !
Z . ® K* Yield E

!Ol A ‘(ll i

10 100 1000 10 100 1000
Pulse Energy (m)) Pulse Energy (m])

Figure 4, Fluence dependence of the Figure 5. Fluence dependence of the
signals from O°, K* and Nb* from Mg-  K* and O® signals from pure (open plot
doped KNbO3. Note the change in  symbols) and Mg-doped KNbQj3 (filled
slope of the O* curve at about 80 m1. symbols).
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Frgure S shows @ compatison between K7 ana OF trom pare KNbUz «
Me:KNbO3s. The horizontal scaie is proportiona! (o rluence o mtensity. We b
expected to see a difference, because experiments on Mg-doped LiNbOy huve
shown g lessening of low-intensity photorefractive damage v @ is pure matenal.
Here, however, there 1s only a slight difference i the mtensaty dependence of the
0" vield and threshold for the two matenials. Comparison of the K vield from
AMg-and Ti-doped KNbO3z also showed very little diirerence

Another critical variable for identifying electronic etfects wm ablaton i
change of surface electromic or geometrical structure.  In laser ablation, the
intensities are so high that if thermal mechanisms are dominant, one would not
expect to sec any strong dependence on surface condition. With these dielectric
materials, the charging of the surface precludes the etfective use of many of the
standard ulirahigh vacuum surface diagnostics (e.g.. low-energy electron
diffraction or photoemission). However, we can change the state of the surface by
altering the sequence of measurements, in this case comparing intensity-
dependent measurements starting at high and low intensities. Since the laser
irradhation may create mobile detects, dense electran-hole plasmas. or structural
alterations of the surface, a comparison of intensity-dependent measurements
made by increasing or decreasing intensity may highlight such electronic effecis.

10° - 3000 T/
- KNbO3 = Na:KNbO3
< K* =
el eeﬁw& - -
TE Y~ “h g 20m "?\i§
« g‘ 0* € Slope -0.11 -
c & : - Y
; ﬁf O K* Increasing é < Slope -0.11 & .
¢ 10°} ® K*® Decreasing < 1000 r b
g I?j 0 O° Increasing z ° .
= A O° Decreasing - Stope -0.07
10 . " " z < s N
40 B0 120 160 200 240 0 1000 2000 X0

Pulse Energy (m]) Shot Number

Figure 6. Intensity dependence of the  Figure 7. Shot-number dependence of
signals from O° and K* from pure the K” atoms from Na-doped KNbO3 at
KNbO3, with intensity increasing fluences of 170, 120 and 70 mJ. Error
(open plotting symbols) and decreasing  bars are the standard deviations of the
(filled symbols). data (fluorescence yields).

A similar manifestation of the difference created by surface preparation or
surface conditioning is shown in Figure 7, where the decrease of fluorescence
intensity with shot number is shown at three different fluences. At the maximum
pulse energy of 170 mJ/pulse - corresponding 10 an intensity of some 35 GW.cm-2
- there is a strong decrease in yield with shot number. In contrast, at 70 ml/pulse.
the slope of yield with shot riumber is a factor of four smaller. At some smaller
fluence, it should be possible to desorb relatively small numbers of excited atoms
without any change in yield as a function of shot number. Just this result has been
observed in other experiments with LiNbO3, in which desorption yields at low
fluence have remained virtually constant for many thousands of shots. Thus there
may exist different types of sites - perhaps with identifiable variations in
clectronic or geometrical structure - which are susceptible to ablation at differing
fluence ranges. as recently reported in the semiconductor GaP (8]. -
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Finglly, we show in Figure 8 the
fluorescence vield of excited atoms

SN E—

vields of Na®. O® and Nb™; the K~

z Na:kK\NbO3 A OYied ; L |

£ L + K yield from Na:KNbOz as a function of shot
. O Na Yield number. Within the stan fard deviation
ST, e A Nb Yield of the data. there is no difference 1n the

= shows @ significanty higher vield. but
- also a steeper drop at the beginning ot
z i the shot sequence. This suggests tha
- A . . the different species may be ablated
0 10000 20000 2p000 from surface sites of comrespondingly

Shot Number different geometric or electronic struc-

tures.  The initial precipitous drop in
Figure 8 Intensity dependence 91‘ the yield of excited alkal atoms is in al}
the fluorescence signals from K*, O",  likehood caused by metallization of the
Na™ and Nb* from Na-doped KNbO3  surface and the subsequent resonant
as a funcuion of shot number. ionization of the excited alkalis.

Discussion: Mechanisms of Ablatior

In considering ablation mechanisms, the principal issues are: (1)} What is the
driving force for the initial motion of ions away from the surface? (2) What is
the source of the observed electronically excited atomics? and (3) What are the
effects of the electronic or geometric structure of the surface on ablation?

Potassium niobate is an ABOj perovskite {9}, while lithium niobate is a
“perovskite-like” structure with about one-third metal-ion vacancies.{10]. Both
matenals have bulk band-gap energies slightly less than 4 eV; hence, for the XeCl
laser used in these experiments (308 nm = 4 ¢V) each laser photon excites an
electron from the valence band into the conduction band. Both materials are
relatively ionic, with the valence band formed principally from the 2p orbitals of
the oxygen ions; the conduction band is made up primarily of the K (or Li) and
Nb orbitals. Both the linear and nonlinear optical response of the materials is
primarily inreratomic [11]. To the extent that desorption of excited atoms is
correlated with the optical response [12], we expect that ablation results from the
creation of holes on the oxygen ions and the conscquent transfer of electronic
charge to the metal ions. This transfer of charge destabilizes the crystal lattice
and provides the driving force for the initial ionic motion.

The possible origin of the excited atoms appears to differ from one ablated
species to the next. In the case of oxygen, the intensity dependence at low
fluences, at least, suggests multiptioton excitation of ground-state neutral oxygen
in the ablation plume, because the precursor of the excited state can be excited by
a three-photon transition. Excited alkali 2toms could be the result of the decay of
localized electronic excitations (e.g., excited F-centers) at low fluence, or
secondary-clectron excitation of desorbing ground-state neutrals. Changes in in
the fluence dependence of the excited-state yield at high fluences may signal a loss
of flux from the excited-state channel due to resonant ionization of desorbing
excited neutrals. The excited niobium atom yields, on the other hand, show an
almost linear intensity or fluence dependence which is not consistent with either
of these two pictures, and requires further analysis.
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Itis rempung to specuiate onthe signihicance of the "magic” laser tluenoe of
S m) which divides the vield curves into two distinet intensity regimes. It we
assume that the entire flux of incident photons 1s absorbed in a depth of 2 um. the
volume irradiated by the luser spot iy of order 81010 A3 while the number of
photons in an 80 mJ laser pailse at 308 nmis of order 1017 At this density, every
ton 1s near an electron-hole pair created by the laser pulse. and the strong
nteraction between e-h pairs can drasucally change the charge-transfer dynamics
and Coulomb energy balance vn a relanvely short time scale. In this limiz, we
must apphy coneepis tfrom flnd mechanics or solid-state plasma phvisies rather
than electronie structure i the single-atom or single-1on hmat.

We conclude that excited-atom spectroscopy fumishes a variety of important
clues to the mechamsm of laser ablation of ferroelectrics. because the excited
atoms can only be created at the surface or in the plume of the laser-ablated ejecta.
The emission spectra can ddearly be used as process diagnostics in laser
micromachining schemes tor the niobates. However, in order understand the
ablation process, it will be necessary 1o correlate these results with studies of
cround-state atom, molecule and cluster ablation, since most of the incident laser
encrgy is generally believed to be channeled into ablation of these species.
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We repart absorpuon, fivorescence and nonhinear opucal properuces of fused silica implanted with Ti, Cu and Bi and doses of

110" 10 6 X 10" 10ns /em” when irradiated with 532 nm laser light. The fluorescence spectrum is a broad hand around 640 nm znd
shows Iitle vanation for all 1on species. Absorption as a function of implanted dose shows a threshold for Tr between 1% 10" and

i . . -4
6x 10" 1ons/em. The nonkinear opucal index s large. . > 107" esu. Al measured quannities show a strong dependence on the

implanted ton dose. The source of the nonhineanity. whether electronsc or thermal. remanns 1o be moie completeh deternined

1. Introduction and motivation

Ton umplantzton has been used o alter electronic,
thermal and mechanical properties of substrates. Dur-
mg the last two decades. the growth of optical com-
mumcations technology has also motivated research on
modification of the linear index of refraction of diclec-
tnes i order o make wavegwdes for opucal carrier
signals [1]. However, significandy less attention has
been paird to ather opucal properues of 1on-implanted
diclectrnios, even though tus technology offers a number
of advantages mn conuol of electronic structure and
2ross opuical properties of the implanted region. In this
article we present a number of results relevant to the
passible use of ion-implanted fused silica 1n acuve opu:-
cal devices and circuits. including intensitv-dependent
absorption. laser-induced fluorescence and 1on-species-
dependent nonlinear susceptibihity.

2. Sample preparation and characterization

High-purity silica discs. 1 mm thick. 20 mm diame-
ter. were used as substrates for implantation. The
manufacturer of the siica (Thermal American. Inc))
lists toral cation impurities as < 200 ppm H. by weight
all others < 10 ppm. The principal amon impurity 1s ClL.
comprising about 80 ppm by weight. The surfaces of the

discs were polished 10 optical quality. then cleaned with
cthyvl alcohol and distulled water and dried in ambaens
laboratory air prior to mplantatuon. The disks were
implanted with 160 heV Ty ions at an average current of
2 wA/cm. At this current density, the temperature of
the substrate remains below 35°C. The concentraton
of ions as a funcuon of depth 1 the substrate was
mcasured by Rutherford backscattering. For Ti and B
it 1s approximately a Gaussian funcuon with the man-
mum at 120 nm below the surface and 140 nm full
width at half maximum. For Cu and doses > 3 x 10"
ons/cnr . the depth profile is bimodal. with peaks at
about 90 nm and 170 nm. Some samples were 1m-
planted on both sides.

The electronic state of the implanted ions is {ess well
characterized. For doses > 5 X 10' jons/cnv. the frac-
tion of Ti in the 3+ state. as measured by electron
paramagnetic resonance and optical absorption spec-
troscopy. i1s > 10%. The fraction decreases with increas-
ing dose [2]. Implanted Cu may be neutral. in the 2+
state. or aggregated as colloids [3]). The implantation
process also produces defects in the implantation zone.
In silica the most prominent defects are E’ centers.
nonbridging oxygen-hole centers and peroxy molecular
ions [4]. Concentration of these defects varies with
implanted 10n species [5.6). In case of Ti the B’ centers
have the highest concentration of all defects for doses
> 5% 10" jons/em. Since these defects also have

GI6S-ARIN /91 /80350 ¢ 1991 - FPisevier Saience Publichers B Y (Nonh-Holnd)
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The heht source was @ made-locked, frequency-dou-
bled Nd:YAG lacer (532 nm. 100 ps PWHM pulse
width, 76 MMz pulse repetition rate. 1.8 W maximum
averaae power). At this wavelenath Bi-o Ti- and Cu-im-
planted silica absarbs strongly.

Fia. 1a shows schemzucally the setup for z-scan and
absorption measurements. In position (2) power metar
D1 measured the total incident power on the sample S.
in position (1) it monitored the power reflected from the
beamsphtier BS while the sample was irradiated. Tt was
mounted on a self-centening base for accurate 1epost-
voning at positions (1) and (2). Power meter D2 mea-
sured the transnutied power.

For absorption measurements lens L2 was mounted
behind the sample to focus all transmitted hght on D2.
The laser spot on the sample had about 0.5 mm diame-
ter and the total laser power was varied to measure
absorption as function of intensity.

For the z-scan lens LT with /= 150 mm was mounted
behind the beamsphitter and the sample was maounted

a 1.1 1.2
BS D) S : D2
7 \ .
Q/Tl ]
{ 1 1
D (=130mm S00mm
i
’ { ¢
”‘ K /
7
c
7
(a) th) «) D

Fip. 1 Fxperimentl apparitus and explanation of Z-scan. See

text.

Lol

petiaon o ae deads o sel-foarmgs The oy
plane wove huas & Guosean radial mtensity profile for)
(ro distence tom beam axasy Tias causes o adial
profife for the wal mdex of refliacuon. #(r ). and speed
of hght, r¢r) 1 the sample (1, hinear index of refrac-
uon; ¢

v

“vecuum speed of ghto unhhe ref [T o this
work relers to the nonbmear index independent of unitsy:
c(r)y=c./nlr).

The speed profile distorts the plane wave approximately
like a lens. Fig. 1c explains how the intensity on detec-

n{r)=ng+ inyI(r).

tor D2 changes as the self-tocussing sample, shown as
lens, s moved through the foczl point of fens [L1. In
pesiton (4) the sumple imcreases divergence of the out-
going beam. so the mtensity on detector D2 decreases.
in (b) 1t has no effectt in (¢) 1t decreases divergence. so
intensity increases. For positons far from the focal
pomnt the mtensiy on the sample self 1s so low, that
self-focussing can be neglected and the ntensiy on the
detector s the same as in (b).

The laser-mduced fluorescence spectr were 1aken
with a double granng spectometer designed for agh

reyection of stray hight from the laser.

4. Results
3.1 Absorpron of Ti-implanted sdica

We observed a number of puzzhing features 1 the
absorption and reflectivity spectra of the sample Fig. 2
shows that the absarption of Teimplanted samples
strongly depends on the 1on dose. Between 1 X 10" and
6 x 10" 1wns/em’ 1 a threshold for the dose. where

M T LI M

o

g 2078 B Ao

e

1 a A A b ISP 1 A
{] S840 iaaq
Liaser Power (mMV)

40

absorption (%)
e

I, 2 Absomption of Tiimplanted fused sihea. Doses (1 < 10"
onsem C) =604 =060, v =10, X =3« =]
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absorption drops from 17 1o 129 & power mcreases
from mimimum to maximum. Meacurements of getlee-
tion. 1o be pubhshed elsewherer show the onset of
saturation maore cleardy,

4.2 Laseranduced thuoresecnce (1150

A second potentially interesung property of these
materials 1s that the 1on-implanted laver exhubus LIF
a broad range. and 1s thus a prima facie candidate for
tunable solid-state laser matenal. In recent years, 11
dopéd crvstalhne sapplure has beenintensely developed
as a aser host (81t ealubits a broad fluorescence i the
near-infrared. 2 region where laser dves are either non-
existent or have low gains.

We have observed moderately intense LIF for sam-
ples implanted with Ti, Bi and Cu. Fig. 3 shows a
typical spectrum for Ti. Spectra for Bi- and Cu-im-
planted samples Jook nearly idenucal, with the peak
maximum shufted by 10 nm 1o lower wavelength for Bi
and by 30 nm o longer wavelength for Cu. The samples
do not show fluorescence over the full implanted area.
but only a few spots on cach sample of sbout 1 mm
diamcter enut hgth The mechanism leading to fluores-
cence s not clear yet. The sinulanty of the spectra for
these differentions indicates that processes independent
of the tvpe of 1on lead to fluorescence. Currently the
role of defects like E” centers is being investigated.

43 Nonlinear index of refraction
Among the most stiking phenomena observed

these matenals 1 a dose-dependent nonhinear index of
refracton. Fig. 4 shows the results for a Ti- and a

units)

Intensity (arh.

Lt 1 1 1 1 1

5500 6000 6500 7000 7500 8000
Wavelength (A)

Fig. 3. LIF spectrum of Ti-implanted fused sitica. The siruc-

tures at the ends of the spectrum are from strav hght of the

laser.

¢
>

faeky

Intensity on Detrctor 1
w

Distance From Focus (arb. units)
Fig 4. Results of r-scan for pure, Ti- and Cu-implanted fused
sthea.

Cu-implanted sample (both 6 X 10'® jons/cm’ each
side). The intensity on detector D2 first drops, indicat-
ing positive self-focussing or positive n,, and then rises
steeply as the sample crosses the focal point. The ab-
solute value of ny can be caleulated from the vallev o
peak ratto {7] and 1s of the order 107 % esu (or 107 Y
m /(W ) in mhs units) {5).

The curve for the Cu-implanted sample has a signifi-
cant substructure on the leading and trathing edge. We
have two passible explanauons for this, none of which
can be ruled out without further experiments. One is the
formaunon of colioidal copper: the particles in the col-
loid have different sizes leading to nonlinear bleaching
at different hght intensinies. The other is constructive
and destrucnive interference between the two implanted
lavers on the front and back side of the sample, but that
leaves the question why the Ti-implanted sample does
not show anv structure.

5. Conclusions

We have shown that implanted lavers exhibit a num-
ber of interesting active opuical properties in addition to
the change 'n hincar index of refraction which accompa-
nies the 1on-induced densification of an implanted laver.
These properties may well make ion implantation a
useful new way w modify silica for light sources and
active opuical elements. However. the effects of radia-
tion-induced defects nust be thoroughly understood
before any such applications are possible. Finally, we
note that it may also be possible 1o exploit the nonlin-
car opluical effects to study the interaction between the
implanted ton and s environment 1in ways which are
inaccessible 1o tradinonal methods of radiation-damage
analysis, such as electron paramagnetic resonance.
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The Role of Valence-Band Excitation in Laser Ablation of KC!

Richard F. Haglund, Jr., Kai Tang, Patrick H. Bunton™ and Ling-Jun Wang™~
Department of Physics and Astronomy
Vanderbilt University, Nashville, TN 37235

ABSTRACT

We present recent measurements of excited-atom and ion emission from KCI surfaces illuminated by
vacuum-ultraviolet synchrotron radiation (hv = 8-28 eV) and ultraviolet laser light (hv =4 eV). At low
intgnsities characteristic of the synchrotron experiments, excited atoms are desorbed by simple valence-
band excitadon process involving the metallization of the KCl surface. At the higher intensites typical of
laser desorption and ablation, we observe a strong decrease in K* emission as a function of the number of
laser shots, but an essentially constant yield of C1*. K* and Cl- emission at high intensities show similar
behavior. The energetics of these desorption phenomena can be treated in a bond-orbital model which
shows that creation of a single valence hole is sufficient to excite an ion to an anti-bonding state.

1. INTRODUCTION AND MOTTVATION

The need to improve the laser damage resistance of optical materials, and the growing interest in the
use of high-intensity lasers for processing electronic and photonic devices, are the primary drivers for
fundamental studies of laser-surface interactions. Laser-induzed surface! and bulk? damage in KCI have
been studied for many years, perhaps because KCl is the simplest of all the wide-bandgap ionic solids
from the standpoint of electronic structure. We have recently begun a systematic study of ultraviolet
photon-stimulated desorption (PSD) of excited atoms and ions from the surface of KCl, which has led to
new understanding of the mechanisms of desorption following both valence-band> and core-level4
excitation. These e>periments also illustrate the specific sensitivity of .on- and excited-atom desorption
spectroscopy to deiails of the surface before and after particle emission.

In this paper, we briefly summarize the status of these experiments and propose a unified view for
the mechanisms of PSD and laser-induced desorpton (LID) and ablation of excited atoms in KCl. a view
which probably applies generically to materials which have self-trapped excitons and/or permanent, mobile
electronic defects, such as SiO and the alkaline-earth halides. In the VUV experiments, the yield of
desorbed excited atoms follows the excitonic optical response of these crystals at “hoton energies near the
bulk band gap. Secondary electron measurements, taken simultaneously, implicate the formation of
excess metal in PSD of excited alkalis, and suggest some clues to the time dependence of the M” vields.
At the higher intensities characteristic of LID and laser ablation, a common mechanism of desorption due
to valence-hole crcation, as well as charge exchange mediated by surface metallizaton, is at work.

The energetics governing desorption may be interpreted within the framework of a detailed
mechanistic picture of laser-induced desorption and ablation, based on the bond-orbital model of electronic
structure. In this model, ion motion is caused by localized deformation of the lattice and bond-breaking
near the site where the photon is absorbed. Neutralization of the moving ion into an excited atomic state,
on the other hand, is a manifestation of the local electronic structure near the desorption site, at least in the
low-intensity limit. Both desorption and excitation may arise from the same mechanism. For example,
desorption following valence-band excitation may be described as the decay of an excited quasi-molecular-
state of the crystal; in KCl, the desorption of K* could be initiated by relaxation of an excited F-center.

Now at Depantment of Physics, Box 4608, Austin Peay State University, Clarksville, TN 37044
Now at Department of Physics and Astronomy, University of Tennessee, Chattanooga, TN 37403
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The following discussion of the role of valence-band excitations 1n laser-induced desorption from KCl
is based on two distinct sets of measurements: photon-stimulated desorption (PSD) measurements using
ultraviolet radiaton, and laser-induced desorption (LID) using an excimer laser. The photon sourc. for the
PSD experiments was the Aladdin facility of the Synchrotron Radiation Center (SRC) at the University of
Wisconsin. Bending-magnet radiation from the 800-MeV electron storage ring was dispersed by a Seya-
Namioka (SN) normal-incidence monochromator and focused onto a sample at normal incidence.
Useable photon flux is available in the approximate range of 8 eV to 28 eV. The light source for the LID
measurements was an XeCl excimer laser operating at a wavelength of 308 nm, likewise incident along the
surface normal.

measuring 5x12 mm and cleaved from bulk
material prepared by Harshaw were mounted
on a micromanipulator in high or ultrahigh
vacuum (UHV). In the UHV measurements,
tae target holder was equipped with a Varian Macintosh SE
button heater capable of heating targets to Microcomputer

Single-crystal targets of KCl, typically H '—]
&
g

lifier

]

3

Picoammeter
ADC
Discriminat
A

e i

approximately 4500 C. The target could be UV Photons
rotated about a vertical axis perpendicular to -~ ;
the plane of the incident photon beam. = O
Collector

Two generic measurement schemes were (Tarcer] =
used in the experiments described in this .f:
paper. Fluorescence from desorbed excited *._ Chamber /
alkali atoms was detected with an 0.3 meter et < K

monochromator and a photomultiplier (PMT)
operated in pulse counting mode for the PSD
measurements, and in pulse-height analysis
mode, using a gated integrator, for the LID
measurements. Amplified PMT pulses which
exceeded the threshold of a discriminator
were counted and stored in an Apple
microcomputer.  Secondary electrons were
collected by a biased stainless-steel collector
positioned close to the target ; the current was
monitored by a picoammeter connected to an analog-to-digital converter channel of a Hewlett-Packard
7090A plotier; these data were then likewise stored in the computer. All of the PSD experiments and most
of the LID measurements were carried out in an ultra-high vacuum chamber with a base pressure generally
in the range of ~10-10 Torr.

Figure 1. Schematic diagram of apparatus for
simultaneous measurements of excited-atom yield
and secondary-electron current in photon-stimulated
desorption experiments.

In other LID experiments, the optical detection system shown in Fig. 1 was replaced by a quadrupole
mass spectrometer which could be operated to collect either positive or negative ions. A mass scan was
performed to ascertain that the peak corresponding to a particular mass was stable and well above
background. Then an clectronic gate was set to capture the peak signal after each laser shot. These peak
height data were stored on-line in an IBM microcomputer for subsequent retrieval and analysis.

In the PSD experiments, single KClI crystals were cleaved in air and inserted immediately into the
UHV chamber; they were typically under vacuum within an hour after cleaving. The UHV system was
then baked at 200°C for several hours following insertion of the target; samples were then cleaned by
heating a few hours at 300 to 400° C. Numerous studies, cited in Reference [4], have shown that this
procedure yields a stable and reproducible surface. For the LID experiments, the samples were cleaved in
air using the same precautions (use of rubber gloves, methanol cleaning of all clcaving and handling tools)
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taken i preparing UHY samples. However, the samples viere not baked, and indeed were not alwavs i

pulses. Thus these laser desorption and ablation experiments must be viewed as having been carried out
under reproducible conditions, but not necessarily on well-churacterized surfaces.

S PHOTON-STIMULATED DESORPTION IN THE VACUUM ULTRAVIOLET

Ultraviolet photon-stimulated desorption has been studied in the alkali halides for many years. Only
recently, however, has it been demonstrated that PSD of excited atoms can be caused by valence-band, in
contrast to core-level, excitation. Because these measurements have an important impact on our
understanding of the mechanisms of laser-induced desorption, we summarize briefly the resulis of these
recent experiments on both KCl and LiF. Details may be found in Reference [4].

Figure 2 shows an excitation function for desorbed excited potassium under photon irradiation of

KCl near the surface exciton peak at 9.5 eV. The bulk bandgap of KCl is 8.4 eV. The monochromator

flux was too low to search for structure in the desorption curve at lower energies. Shown for comparison

.in Figure 3 is the optical absorption spectrum of KCl measured by Eby, Teegarden and Dutton.5

Structure in the excitation function for desorbed K* corresponding to the valence exciton at approximately

9.5 eV is evidence that desorption due to valence excitation in KCl is occurring, and that excited-atom
desorption may be related to identifiable electronic excitations of the surface.
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Figure 2. Excitation function for K* atoms _F igure 3. Optcal 3b§0fpﬁ0“ spectrum fro’_'“

desorbed from a KCI surface by VUV light with KCl in the vacuum ultraviolet region. Figure 1s

valence-band energies. From Reference [4]. from Reference [5].

Studies of the variation in excited-atom and total electron yield, described in detail in Reference (4],
clearly implicate the formation of excess metal on the surface in the desorption process. Those
experimental results are consistent with the following picture: As a pristine spot on the surface is
irradiated, metallization begins due to two separate processes. One is the loss of halogen because of the
preferential ejection of ions from the halogen sublattice; the other is the creation of mobile defects (e.g., F-
centers) in the near-surface bulk and their subsequent diffusion to the surface, where they neutralize the
positive metal ions. The experimental evidence for this is primarily the rapid decrease in secondary
electron yield from the high values which characterize the insulating surface as cleaved to the lower values
(an order of magnitude or more for most of the alkali halides) characteristic of the alkali metal.0
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This progressive metallizaton car be stopped By DAL U0 S0 atC I cut p v ey S v
metal will evaporate thermally. leaving a stoichiometric sarizee. These themmally desorbing wiom,
constitute the bulk of the total desorption yield of the micte! elomns, in the ground clectonic swte e
metallization also affects the vield of excited atoms, because as the metal agglomerates, its work function
changes. When the metallic patches are small, the work function ot the surface 1t rather large, and there
arc no metallic electrons which can be donated to fill the electronic state of a desorbing alkali 1on. Ag
metallizaton progresses, the work function decreases, and when the Fermi level 1s nearly resonant with
the atomic excited state, ncutralizaton of the 1on into that excited state 1s probable. As the surface becomes
more strongly metallized, the Fermi level of the metal patches rises above the first excited electronic state,
and resonant charge exchange into the ground state becomes the dominant process. Thus, below the
temperatures at which the metal evaporates, excited state desorption will first increase and then decrease as
the Fermi level rises above the first excited state of potassium.

4, 1LASER-I E ' ABLATION FROM KCI

The description of laser-induced particle emission is as problematical as the phenomenon itself is
complex. In the following discussion, we shall refer to particle emission at low laser intensities as laser-
induced desorption (LID); we mean to imply by this the absence of plasma and collective effects, and that
the particle emission is, in this case, essentially a localized event resulting in the removal of an isolated
atom or ion from an (at least hypothetically) identifiable surface site. By laser ablation we refer to the
high-intensity limit, in which rapid damage to surface may involve collective effects and the generation of a
plasma plume; in laser ablation, the characterization of the surface site is probably not possible.

We have carried out a series of experiments to study the change in the surface of KCl by monitoring
the yields of excited atoms and ions from the surface, including K*, C1*, K* and Cl-. We have studied
the change in K* and CI” yields as a function of number of shots on the sample, and as a function of
intensity. In addition, we have carried out simple measurements of the time dependence for the emission
of positive and negative ions from the surface. These measurements are consistent with the PSD picture,
but show in addition that laser-induced desorption (LID) proceeds through the same mechanism
independent of the condition of the surface. Hence, LID from perfect lattice sites and defect sites appears
to result from the same kind of valence-band excitation as observed in PSD, but with slightly different
consequences becausce of the high density of local electronic excitation.

41 Laser-Indu Des 10n of Excited Atoms

Optical spectra taken during laser ablation experiments generallv show a relatively broad fluorescence
background on which are superimposed atomic emission lines from excited atoms, radiating as they move
away from the surface. In contrast to PSD experiments, we observe not only the first resonance line of
the metallic atom, but lines originating in other excited states and the atomic emission lines of chlorine
atoms and ions. Of particular interest is the appearance of excited-state emission whose parent states lic
very near the ionization limits of the atoms in question; the mechanism for the creation of these highly
excited states is not clear, although multiphoton excitation of ground-state atoms in the laser-produced
plasma is probably the most likely possibility. Propertics of the observed lines are shown in Table 1.8

The calculated oscillator strengths shown in Table I are not always reflected in the relative spectral
yields of the lines in question. This seems to be particularly true for the CI* states observed. We assume
that this is indicative of highly noncquilibrium conditions which are likely to prevail both in the laser-
produced plasma and at the surface. Also, the centroids of the lines as shown in the accompanying figures
disagree slightly with those shown in the Table. Part of this discrepancy, typically 4 A, is the result of
calibration error in the spectrometer drive; the magnitude of the error was checked using a He-Ne laser at
6328 A. In addition, since the excited atoms are emitted with non-zero velocity and since the spectrometer
line-of-sight is not parallel to the surface plane, the lines will be Deppler shifted. This shift can, in
principle, be calculated from a knowledge of the geometry of the desorption experiment .
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TABLI I Spectral Characteristics of Qbsernved Aloinig 11ansiuony

Atomic | Wavelengidh Atomic Upper Level | Power Level | Oscillator Transiwon
Species (A) Transition (cmh (cm Strength | Rate (105
K 7676 4p — 4s 24714 0 0.68 ().385
K 7699 4p — 4s 13.024 () (.34 ().382
K 4045 Sp = 4s 24,714 0 0.0091 0.0124
a 4105 SpA5P — 3pt4S 96,309 71,954 3.4-10-4 0.002
a 4601 SpSP — 3p34S 96,590 74,861 0.012 0.039
a 4624 3p45P — 3p?4S 96,482 74,861 0.0029 0.0045
a 4654 3pA5P — 3p44S 95,702 74,221 0.0016 0.0049

Cl 4661 3p35P — 3p4S 96,309 74,861 0.0065 0.01

Figure 4 shows the spectrum of excited potassium atoms near the first resonance lines at 7668 A,
observed at laser intensities on the order of 1 GW-cm=2. Each point on the spectrum represents a single
laser shot; there are two hundred points in each spectral scan from 7600 to 7800 A. Thus some 140 shots
intervene between the upper spectrum and the lower. The decrease in the K* yield with absorbed photon
dose is evident. This phenomenon is well known from PSD studies, in which progressive ultraviolet
irradiation of the alkali halides results in a steady decrease of the excited-state atomic emission.9 This
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Figure 4. Spectrum of K™ atoms desorbed Figure 5. Optical spectrum of K* (405 nm)
from KCI at an intensity of 1 GW-.cm-2 on two and CI” (411 nm) atoms in the ablation plume
successive scans, starting from a pristine spot on from a KCl crystal surface at a laser intensity of

e . .. . fo] .
the surface. The atomic transition is 4p — 4s. order 1 GW-cm<, as a function of shot number.

behavior is consistent with a surface accumulation of excess metal leading to resonant ionization of
desorbing K™ atoms, thus reducing the total excited-state signal. Shown for comparison in Figure 5 are
the relative yields of K* (from the 5p — 4s transition) and of CI* emission originating from transitions in
the 3p45P — 3p44S) manifold. The K* emission in this state also decreases after a few hundred shots,
consistent with the resonant ionization picture. The CI* emission, on the other hand, is virtually constant
in amplitude as a function of total absorbed dose , indicating that the CI* production is not affected by
surface conditions, such as metallization. Given the high excitation required to produce the parent states of
these emission lines (nearly 12 eV, as shown in Table I), we suggest that multiphoton excitation of
ground-state Cl in the laser-produced plasma is producing these signals. Accurate measurements of the
CI” yields as a function of intensity should reflect this difference in origin.
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In these experiments, & region of the optical spectrum containing lines from K* and/or CI* was
scanned by the spectrometer, uand the optical signal at each wavelength from a single laser pulse was
counted. The excited K was only observed when there was a visible plasma. This could indicate that the
surface is so rapidly metallized that one can only produce desorption following ablation of the metal,
which should be strongly heated and vaporized at these intensities. Most notable is the contrast between
the persistence of the C1¥ yield and the relatively rapid disappearance of any K"signal.

L — desort 5 s e ield of excitd stoms
sor. om at a laser wavelength o
e LID from KCl at 308 nm i nm and an intensity of about 4 GW-cm2: as a
function of the number of laser shots on a
particular spot. The measurements begin, in each
case, from a previously undamaged spot. The
transitions identified in the Figure are the 7668 A
line of K*, the 4052 A line of K*, and the 4112 A
line of CI". The variation in the behavior of the
T three species of excited atoms is : The K® yields
in both cases rise rapidly from the first laser shot,
i peak near the same value, and then drop off, but
. | the K* (7668A) yield goes to its background
0 100 200 300 200 soo  Vvalue after about 200 shots, whe-  the K™ (4052
Number of Sh A) yield does not decrease to background level
umber of Shots for some 300 shots. The CI” yield, on the other
hand, is essentially unchanged through the entire
Figure 6. Spectrum of excited K atoms sequence. This behavior is consistpnt wjth the
desorbed from KClI at an intensity of 1 GW-cm™2 idea that excited K atoms are created in a different
starting from a pristine spot on the surface. process than the excited Cl atorns.
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100

Fluorescence Yield

80

If, indeed, resonant ionization of desorbing excited metal atoms is the mechanism, these data are
consistent with the idea of progressive metallization of the surface with dose, since the Fermi level of the
metal clusters would rise through the 4p — 4s transition energy before the S5p — 4s, taking flux out of the
former K" channel prior to the latter.

4.3 Intensity Dependence of Positive and Negative Ion Yields

Yields of positive and negative ions were measured as a function of intensity using a quadrupole
mass spectrometer in the geometry of Figure 1. In general, at laser intensities below 100 MW-cm2, stable
ion signals were measured which showed that ion yield increased with roughly the second power of
intensity. This is consistent with valence-band excitation. However, above this intensity the ion signals
rapidly became unstable, and showed an initial high yield followed by a rapid drop in intensity. This
phenomenon was observed for both K+ and Cli- ions, as shown in Figures 7 and 8.

After the ion yields dropped to their minimum values and the visible plasma indicating desorption of
excited atoms disappeared, it was observed that bright fluorescence from color centers was being excited
by the laser beam. No other signs of damage to the surface - cratering or etching - were observable by
eye. As soon as the laser beam was directed to a fresh spot on the surface, the strong ion signal was once
again observed. This suggests that the disappearance of the CI- signal and the diminution of the K+
signals are both tied to the creation of defects in the near-surface region of the bulk. The initial high yields
in both ion species apparently comes from defect sites, while K+ originates, at a low level, in the perfect
sites. The Cl- ions, on the other hand, are apparently only ablated from defect sites, and once the surface
becomes stoichiometric, the negative ion signal disappears too. Cl neutral atoms, of course, continue to be
produced, as shown above and in the neutral Cl laser-desorption measurements of Reference (11.
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Figure 7. Intensity dependence of K+
desorbed from KCl by an excimer laser (XeCl) at
a wavelength of 308 nm. Intensity in the focal
spot was 0.34 GW-cm-2.
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Figure 8. Intensity dependence of K+
desorbed from KCl by an excimer laser (XeCl) at
a wavelength of 308 nm. Intensity in the focal
spot w is about 4 GW-cm2.

4.4 Time Dependence of Ion Yields

We have measured the time dependence of
positive and negative ion yields from KCI by
placing a biased stainless steel probe in the UHV
chamber approximately 4 cm from the surface of
the target and at an angle of 45° to the target
normal. By switching the polarity of the probe
from +67 V to - 67 V, it was possible to collect
both the positive and negative charges. For that
voltage, the time of flight for a typical alkali ion is
of order 4 us and that for fast electrons is about 16
ns. Ion current was recorded on a synchronized
single-shot basis by a 100 MHz transient waveform
recorder interfaced to a microcomputer.

Figure 9 shows the transient signals of both
positive and negative ions desorbing from the
KCl crystal surface. The positive ion signal has
an apparent decay time of some 25-30 ps, much
longer than that measured for NaCl, and is
initiated well after the negative ion fast signal has
already begun to decay. The current of negative
ions has both a fast and slow component. The
slow component can be strongly suppressed by
applying a magnetic field, and is thus assumed to
consist primarily of slow electrons. The decay
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Figure 9. Time dependence of positive and
negative ion signals following desorption from
KCl by an excimer laser (XeCl) at a wavelength
of 308 nm. Intensity in the focal spot was of
order 1 GW-cm2.

time of the fast negative ion signal is much less than that of the K+ signal, indicating that the CI- ion is
desorbed by a different mechanism than the positive ions. This is consistent with earlier results from
electron-stimulated desorption studics which show that neutral halogens are ejected from the surface before
sodium atoms, and that the halogen is ejected in a non-thernial process on a time scale much less than 100
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Laser-produced plismi plume.

The differences in the behavior of the positive and negative 1ons suggests that there are mainly two
processes involved: One is the direct desorption of the positive and negative ions, producing both the fast
negative ion peak and the initial rise in the positive ion peaks. The second process proceeds through
desorption of neutral atoms followed by ionization. These two processes are, schematically:

KCloK+*+Cl- or KCI = K+Cl = Kt+e(low)+Cl — Kt(slow) + Cl(slow)

Since we do not yet have an accurate determination of how much of the slow negative-ion peak is actually
electrons and how much is ClI-, we can not yet rule out either of the two final states of the neutral-atom
channel. Indeed, there is no reason to think that the late negative-ion peak might not include both
components.

5. MECHANISM OF PHOTON-STIMUI ATED DESORPTION IN AI. KALIHALID

Any proposed mechanism for LID or laser ablation of excited atoms or ions must answer two
fundamental questions: (1) How is the absorbed photon energy localized to produce ion motion? and (2)
What is the origin of the excited electronic state observed in the case of excited atoms or ions? We propose
to discuss the first of these questions by referring to the bond-orbital model - a localized picture of
electronic structure in solids within the framework of which bond-breaking has a particularly intuitive
formulation. The question of the origin of the excited electronic state is particularly intriguing, and we
show one example - applicable to KCI but not necessarily to alkali halides - of how such a state might be
created by the decay of a highly localized excitonic state of the solid.

5.1_Energetics of Desorption Induced by Electron-Hole-Pair Creation

It is now generally accepted that laser induced desorption is related to the generation of a localized
instability in the unperturbed crystal lattice.1!  Prior to the instant of desorption, the ion is in a band state
with quantum numbers characteristic of the unperturbed lattice; following desorption, the 10n (or atom) is a
single-particle state with quantum numbers characteristic of its internal configuration, which may, of
course, have been modified during the desorption process. The transition to the surface with a defect and
a desorbing atom is the result of excitation from a bonding to an anti-bording state, as described in the
Menzel-Gomer-Redhead model.12 This model, by itself, contains no specific information which would
permit the computation of the details of the bonding and anti-bonding potentals; these details must be
supplied from a model of the specific desorbing species and its surface environment.13

The initial event in this sequence is photon absorption and the creation of electron-hole pairs, which
will depend on both the optical properties of the material and the laser wavelength. The absorbed photon,
if it creates an electron-hole pair by valence-band excitation, breaks or weakens a bond. If the electron 15
in the conduction band - which would be typical of valence-band single-photon excitation or two-photon
laser excitation in KCI - we are left with an electron in the conduction band and a much less mobile,
usually self-trapped, hole. This electron can lose energy in one of two ways: by delocalizing in a band
state, or by self-trapping through creation of a localized [metastable] lattice distortion. In the alkali halides,
that metastable lattice distortion is called a self-trapped exciton. If the decay of that trapped exciton
produces an atom on a repulsive petential energy surface, desorption will occur.

Thus the energetics of the desorption process arc governed by the three parameters W (bandwidth),

Est (the energy gained by self-trapping) and Epgs (the energy available from "rolling down" the repulsive
potential energy surface of the anti-bonding state). Desorption occurs if W < EgT and if Epgs > EsT.
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One of e prmary obsiacicos to making quanttative predictons cbout desorption lies in our inabitiy
to compute the energies W, Es1 and Epgs in a reliable and relatively simple way. We have calculated the
initial effects of electron-hole pair formation following the bond-orbital theory of Harrison .14 In spirit, it
is closely related to the bond-charge model of Phillips,!S although the details of the parametrization
differ. In this inodel, the energy per bond in the perfect crystal is computed from the second and fourth
moments of the density of states function using lincar combinations of atomic orbitals, and is given by!6

12
M, (9) - M,
4-M2

pair ~ 1 M2 ) + noVo 4 Epro

where n is the coordination number; M3 and M4(38) are, respectively, the second and fourth moments of
the electronic density of states (EDOS); ¥ is the angle between neighboring bonds; V,, is the repulsive
screening potential; and Epr represents the energy required to create the hybridized sp3 bonds for the
LCAO model of the solid. The fourth moment is a function of the bond angle 9, and will, in covalent
solids, be influenced strongly by the dangling bonds and back-bonding required by surface reconstruction
in those materials.!?  In ionic materials, of course, we can expect much less dependence on the bond
angle and more on the coordination number. The repulsive screening potential can be adjusted to fit the
experimentally determined equilibrium inter-ionic spacing and the bulk modulus of the solid.
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Figure 10. Bond-orbital calculation of the
potential energy curves for a surface (five-fold)
coordinated site in NaCl and for the same site
with a one-hole excitation in a bond. The one-
hole potential curve goes slightly negative at large
radii.

Figure 11. Bond-orbital calculation of the
potential energy curves for a surface (three-fold)
coordinated site in the compound semiconductor
GaP and for the same site with one-hole and two-
hole excitations. The one-hole potential curve is
still characteristic of a weakly bound state.

We have used this expression for the energy per pair to model bond-breaking at a surface site in an
jonic insulator. Because of their availability, we have used self-consistent Hartree-Fock matrix elements
for NaCl taken from Reference [18] to calculate the moments My and Mg; the same behavior can be
expected from KCI. As an illustration of the technique, we show in Figure 10 the potential function that
results when we begin with a five-fold (nearest-neighbor only) coordinated surface atom and create a hole
in a single bond. One sces that the energy gained by creation of a single hole is already sufficient to put
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the ion on a repulsive encrgy surface. However, the poweniad corve tor the one-hose state goes shichuy
Berative S inree dinee oo i s probably oreselvor e o b thie bond-orbitl model i this Yo
assumes sp-hvbridized bonds, whereas we know that the bonding orbitals in alkaly halides are almogy

entirely of p character.

Thus, although it is qualitatively correct, this model still has some difficulties. Most notable is the
fact that it does not yet properly account for the next-nearest neighbor interactions which are indispensable
(and intractable!) in the alkali halides. Nevertheless, one sees by contrast with Figure 11 that the bond-
orbital model at least shows a difference between the alkali halides - in which a single hole already puts the
system on a repulsive energy surface - and the compound semiconductor GaP for which two holes are
required to achieve the same end even though the binding energies are similar.

53 Source of the Excited Electronic State in Desorbing K Atoms

The origin of the electronic excitation which produces desorbing excited atoms is a separate but not
unrelated question from the problem of ion motion we considered in Section 5.2. One possibility is that an
excited F-center is the source of the excited atom desorption following valence excitation. Certainly
valence excitation can form F-centers. It is conceivable that some of them may be excited, perhaps from
scattering of secondary electrons, fluorescence, or, in the case of laser-induced desorption, by the high
local density of electronic excitation. The strong coupling of an excited F-center to the lattice could both
initiate ion motion and simultaneously provide the electron needed for neutralization of a departing ion.
Such a mechanism would explain the observed decrease of the excited atom yield as a function of
temperature in PSD measurements, since the lifetime of the excited F-center would decrease with
increasing temperature. Alkali desorption (without reference to the electronic state of the atom) has been
observed from RbBr containing F-centers during irradiation with F-band light.18

CONDUCTION ! 3 VACUUM
“"o‘“’ SRECROE N [ ] LEVEL A simple consideration of the energetics will
- - show that an excited F-center in KCI has about the
1 e &t Qe right energy to neutralize a potassium ion into the
1o g first excited state of the neutral. Figure 12 shows
F-Center K an approximate band diagram for KCl including an
203 remrmemmeeneeseeees - F-center. Notice that the ground state F-cenier is
o sl almost resonant with an excited neutral alkali atom,
P so the excited state will clearly have sufficient
L5 e energy to do so. Thec thermal ionization energy of
6 e the F-center!? was used to position the F-center
below the conduction band. The ionization limit of
LA the atom was made coincident with the vacuum
8 e level of KCl. These methods are approximate,

VALENCE since both the lattice distortion and the surface of
BAND

itself will alter the band structure; indeed, the lattice

Figure 12. Energies of the 4p electronic state Telaxation - an essential feature in the dynamics of

in the K atom and the relevant F-center energies in desorption - will almost certainly modify the
KCl. Allenergies are given in eV. relative energies of the various levels shown here.

Localized vibrational excitations of the charged lattice could also produce electronic excitation in a
desorbing ground-state atom via electric dipole interactions. Calculations by Bickham and Sievers20
show that excitation of a crystal with an anharmonic lattice potential can lead to the formation of localized
vibrational modes of a solid. The energy required is typically that required for creation of an excited F-
center. However, in the alkali halides, these modes are only formed for the two-dimensional lattice -
consistent with the idea that this might be a purely surface phenomenon. That, of course, would fit the
case either of PSD or laser desorption/ablation.
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We have observed desorption and ablation of excited atoms and ions {from the surface of KCl s
function both of dose and, in the case of ions, as a function of time following the arrival of the laser pulse.
These experiments demonstrate the sensitivity of the excited-atom yields to the conditions of the surface,
even at intensities characteristic of laser ablation; moreover, the excited atoms show evidence for
different dynamical origin than the ions, thus making them interesting objects of study.

Experimental results for laser-induced desorption and ablation are consistent with the low-intensity
results of valence-band-induced desorption by synchrotron radiation. However, at high powers, there is
evidence for desorption not only from perfect lattice sites but from defects created by the laser radiation.
The final states of the desorbing atoms and ions appear to be strongly influenced by the metallization of the
surface - a metallization arising from the preferential ejection of atoms and ions from the halogen sublattice
of KCl. The defect sites which play a prominent role in the or shot-number dependence of the ion and
excited atom y.elds at high intensities are energetically more susceptible to desorption than perfect lattice
sites. Therefore, even though multiphoton excitation may be required initially to create the lattice defects,
desorption can occur even for sub-bandgap photon energies characteristic of lasers because the electronic
structure.of the defects places them closer to the conduction band than the bulk bandgap energy.

The origin of the excited electronic state observed in desorbing atoms remains something of a
mystery. While it is clear that the metallization of the surface plays a role in the initial creation of this state
and in its temporal evolution with absorbed photon dose, we presently have no knowledge of the temporal
evolution of either the ground-state or the excited state yields following irradiation by a laser pulse.
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Secnion V19 Sputtering and desorption
ELECTRONIC TRANSITIONS IN SURFACE AND NEAR-SURFACE RADIATION EFFECTS *
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Studies of surface effects arising fror -1, heavy particle or photon irradiation of dielectric surfaces are increasingly focusing
on the electronic interaciions by which . absorbed, localized. and transformed or transferred prior to the ultimate dissipation
of the incident encrgy - through, fc < 3, ejection of atoms or molecules from the dielectric. Recent experients in our

laboratones illustrate the varied roles pla,_4 by electronic transitions in determuning the flow of electronic energy during the
bombardment of dielectric surfaces by photons, electrons and heavy parucles. Specific examples include: the effects of surface
overlayers and adsorbed hydrogen in retarding substrate desorption; substrate-temperature- and energy-resolved studies of photon-
stimulated desorption from alkali halides: and electronuc level-hybridization effects in the sputtening of metal oxides by argon ions.
These simple model systems are a cnitical testing ground for studying the mechanisms of surface radiation damage ir more complex
materials because of the wealth of information available about their electronic and geometric structure, and because the character and
modes of formation of their permanent electronic defects are well understood.
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Studies of surface effects ansing from electron, heavy parucle er photonarradiation of dielectnie surfaces are increasingdy fovusing
on the electronie interactions by which energy 15 absorbed, localized. and trunsformed or transferred prior to the ulumate dissipation
of the madent energy - through, for example. ejection of atoms or molecules from the diclectne. Recent expeniments in our
laboratones allustrate the vaned roles playved by electronic transitons 1n determuning the flow of electronic energy dunng the
bombardment of diclectric surfaces by photons, electrons and heavy parucles Specific examples include  the effects of surface
overlavers and adsorbed hvdrogen in returding substrate desorption: substrate-temperature- and energy-resolved studies of photon-
stmelaied desorpuon from atkall halidest and electrone tevel-hvbndizsuon effects in the sputtening of metal onides by argon 1ons
These simple model systems are a cnucal tesuing ground for studyving the mechanisms of sur{ace radiavion damage in more complex
matenals because of the wealth of informaton available about their electronic and geometne structure, and because the character and

muodes of formation of their permanent electronic defects are well understood

1. Introduction

The phenomenology of radiation effects at dielectric
surfaces exhibits a remarkable richness and complexity,
ranging from luminescence to desorption of individual
atoms or molecules, and on 1o rapid. efficient etching of
large surface areas and macroscopic track formation.
Screnufically, surface radiation effects in diclectrics are
interesting because the large band-gap of these maten-
als creates maay charnels through which incident en-
ergy can be absorbed. localized and transformed mto
the kinetic ¢nergy necessary to break a bond in a sohid
latuce or network. In technology, dielectric surface
dumage plays a critical role 1n such diverse areas as
microclectronies fabnicaton and rehability, damage to
high-power laser optical elements. and the development
of optical elements for  high-power tunable ultraviolet
and X-ray light sources.

Studies of desorption, ablation, erosion and etching
induced by energetic photons, electrons and heavy par-
ticles are increasingly emphasizing the microscopic de-
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INT-8512674). :
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tails of the elecrronte mechanisms responsible for these
phenomena This concern for electronic rather thun
thermal mechanisms s partucularty approprate for ds-
electnies, because electronie features play sigmificant
roles in virtually all radiation effects. including those
accompanying low-energy sputtered particles moving
adishaucaily with respect to clectronie veloaities in the
solid: low-energy (primary or secondary) electrons or
ultraviolet nhotons which are absorbed in thin lavers
near the surface: and laser photons for which the broken
spatial symmetry at the surface allows nonlinear or
resonant interactions which are forbidden in the bulk
Moreover. iIn many instances - as inantracavity optical
damage in gas lasers or reactive 1on etching - simulta-
neous irradration by photons and/or electrons and /or
heavy particles produces synergistic effects which can-
not be explamed as a hinear superposition of individual
processes. Hence. a detatled understanding of the avail-
able electronic channels through which energy can he
absorbed. localized. transformed and dissipated is a sine
qua non for understanding the immense variety of
radiation effects.

Conversely, the need for identifving the speafic
material charactenistics that play the decisive roles in
enhancing or inhibiting damage is pushing us beyond
older models of desorption (or sputtening), particularly
at low energies, because it is becoming increasingly
apparent that energy is often rot shared in a statistical
(thermal or collisional) way among all the atoms in the
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sophisticated prcture i which the tlow of encrzy mto

and out of the surface i tracked within the framework
of madels wineh are furthful both o the fundamensd
micraction physies of particles or photons with the

surface. and 1o the electronic properties of those materi-
als.

In particle-. electron- and photon-induced radiation
damage. electronic mechanisms are manifested in several
genenically distinet wavs, including: excitaton of elec-
trons inte the conducuon band and excitaton of atomic
and molecular species on and near the surface: creation
of bound electron-hole pairs, possibly with subsequent
relunation into  permanent electronic  defects  and
atomic/ molecular excitations in surface overlavers;
competition between “direct” desorption and desorp-
tion following diffusion of radiation-induced defects 10
the surface: and effects of the energy-level structure of a
particle-surface svstem on the internal quantum status
of desorbed particles. In this review, we shall illustrate
these general considerations with several examples:

- optical radiation from electron- and photon-irradia-
ted surface overlayers:

- photon-stimulated desorption of alkali metals from
alkah halides; and

- velocity distributions of excited metal atoms sputtered
from a metal and its oxide.

The emphasis in the experiments is on measurements of

quantum states of desorbed particles, including their

temporal evolution, with the ultimate goal of inferring

the details of the potentials which give rise to the

observed states.

2. Experimental apparatus and procedure

The key insight underlying the dynamical studies
presented here is that desorption from dielectric surfaces
is overwhelmingly dominated by the emission of neutral
ground-state and excited-state atoms and molecules.
Therefore, the techniques of gas-phase atomic and
molecular optical spectroscopy are the cnitical tools.
rather than the charged-particle spectroscopies typical
of surface analysis experiments. Details of the expen-
mental method have been presented elsewhere [1,2]. so
that only the essential features of our neutral desorption
spectroscopy apparatus and techniques will be high-
lighted here.

The expenmental layout of the ESD/PSD experi-
ments is shown schematically in fig. 1. The sample —
typically a cleaved, single-crystal alkali halide - is
mounted on a heated micromanipulator in an ultrahigh
vacuum (UHV) system, at a nominal base pressure of a
few times 107! Torr. Radiation incident on the target
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Fiz. 1. Schemanc of experimental apparatus for measuring the

properties of neutral atoms and molecules desorbed from sohd

surfaces by electron, ion or photon impact. Padiauon from the

desorbed particles is detected 1 a spectrometer arranged to

view them in flight from the surface: the tunable laser 1< used
o induce fluorescence in selected ground-state spectes

produces desorbed species emerging toward the irradia-
uon source. which in our expenments was either a
low-energy. high-current electron gun or the beam from
the Aladdin svachrotron storage ring at the University
of Wisconsin. De-excitation radiation from neutral
atoms leaving the surface of the target material was
detected by an optical system arranged to view a small
volume (about S X 1073 cm") out 1n {ront of the target.
Radiation emitted from this volume along a line or-
thogonal to the trradiating source beam and parallel 10
the exposed face of the sample was imaged by a lens
system onto the entrance slit of a spectrometer—photo-
multiplier combination. The opumum observation
volume was selected by manipulating the target to mini-
nize background from the bulk luminescence of the
sample.

In this experimental geometry, dcsorbing ground-
state neutral alkali atoms are illuminated from the rear
of the sample by the TEM, (fundamental Gaussian)
mode from a single-frequency. actively-stabilized tuna-
ble dve laser. Alkali atoms leaving the surface undergo
resonant absorption at the Doppler-shifted frequency
appropriate to their rest frame and radiate at the char-
acteristic first resonance transition (3p to 2s) as they fly
away from the sample surface. This radiation is de-
tected by the spectrometer-photomultiplier combina-
uon and the results are stored in a computer for off-line
analysis. Excited-state neutral alkalis, on the other hand.
are detected from their charactenstic de-excitation fluo-
rescences lines when the tunable laser is turned off.
Desorbing halogen species are not observed in the pre-
sent experimental setup, because their resonance lines
are in the ultraviolet. However, excited desorbing halo-
gens should, in principle, be observable with a uv spec-
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pernits the measurement of relanve vields for ditieiant
particle species. desorption velocity distnbutions. and
changes in emission characteristics as a function of
sample temperature. onentation and surface prepari-
ton. Accurate vield measurements for a particular de-
sorbing species. on the other hand. can be made in a
Doppler-free geometry. in which the laser 1s mjected
perpendicular both to the incident electron or photon
beam and to the spectrometer line-of-sight. Desorbed
ions and electrons can also be measured by inserting.
close to the point of electron or photon impact. an
clectrostatic analyzer with an exit-plane Channcltron
detector. In this wav. 1t 1s possible to measure essen-
tially all the desorption products relevant to the dv-
namics.

In the sputtering expenments described 1n section 3.
the geometry is similar. but the spectrometer views the
desorbing particles at an angle o the surface normal in
order to measure their velocity distribution. Connecting
the observed laser-induced fluorescence with the veloc-
ity distnbution requires the chowce of a model for the
sputtering process, in order to deconvolute the contribu-
tions of excited-state radiation from atoms traveling in
different directions; in this case. we assume the vafidity
of the collision cascade and calculate the velocity distri-
bution for a given spectrometer angle using the Thomp-
son formula. That this is a reasonable choice has been
shown in a great many expeniments. provided the direct
knock-on contribution remains insignificant -~ which
requires using the incident sputtering beam at near-nor-
mal inadence.

3. Experiments: luminescence and desorption from
surface overlayers

Surface overlavers play a critical role in understand-
ing desorption phenomena at surfaces. whether they are
artifacts of surface preparation. are deliberately in-
troduced. or are created by diffusion from the sub-
surface bulk. These overlayers can saturate dangling
bonds. influence surface composition and chemistry,
modify surface geometry or electronic structure, and
provide a nonvacuum interface which getters defects
and impurities from the bulk. In the experiments de-
scribed below, we shall discuss results suggesting that
surface overlayers may also inhibit desorption, thus
acting as an energy reservoir, or even a protective
medium, for the substrate.

Experimentally, it is found that low-energy electrons,
heavy particles (atoms or ions) and photons incident on
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Fig. 2. Broadband luminescence in the form of molecular
vibrational bands observed during photon bombardment of a
single ¢rnvstal of KCin ultrahigh vacuum: the source is the
first-order light from the Aladdin svachrotron light source. The
ultraviolet hght spectrum m the region between 230 and 300
nm s the fundamental: the wsible bands come from the
sevond order of the diffraction graung in the spectrometer.
Note the He-Ne laser line used for wavelength calibrauon at
632.8 nm.

dielectric surfaces produce two readily distinguishable
optical signals: a broad-band bulk luminescence, and
line radiation from excited atomic and molecular species
ariginating both in the nominal substrate surface and in
the overlaver. The bulk luminescence, which 15 fre-
quently considered as a superposition of separately
identifiable bands tens of nanometers wide, anses from
the decav of electrons excited into the conduction band
to lower-lving defect states (“trap states’) whose en-
ergies lie within the bulk band gap. The bulk lumines-
cence s relatively structureless, and vanes only a hite
from one matenal to another. Its amplitude is, however,
a strong function of the sample preparation; it can be
considerably reduced. for instance, by heating.

One feature of the spectrum which does change from
matenal to matenal 1s a molecular band system 1n the
ultraviolet. shown in fig. 2. This stnking radiation sig-
nature has been observed in a number of expenments
with electron, ion, and photon bombardment of alkah
halides {4-7}. including excitation by the white-light
spectrum of the Aladdin synchrotron light source [5].
The spacing of the bands in this system 1s approxi-
mately 0.25 eV, which is charactenstic of the most
strongly bound diatomic molecules and molecular ions,
such as H7, CO. CN™ and NO™.

The most frequently nominated candidate for the
source of the radiation has been CN~, because it is a
pseudo-halide [5,6), has a size consistent with the Cl~
ion in a normal alkali halide lattice, and because the
bands match expectations for the ACCIT) - X('Z) tran-
sition in CN~. (The long lifetime of the transition
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expernnients show that the CN radiation can be excited
with &5 ¢V ultraviolet photons. These issues are a
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